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Chapter 1: Introduction
1.1 Motivation and research
Non- or minimally-invasive data collection is highly desirable for gathering the broad base of
information that facilitates moving technology to the point of care. Polarimetry has been making
this transition for years. Early forms of polarization-sensitive optics involved custom
multiplexing a series of images to generate a single image, but today’s snapshot polarimeters are
readily commercially available. [1]
The research described here advances three areas of polarimetric imagery: First, the research
develops a reflectance-based measurement for tracking changes in the alignment of dynamically
loaded soft tissue, specifically tendon. Second, it compares a high dynamic range division-offocal-plane (DoFP) polarimeter with a standard DoFP polarimeter, highlighting both the current
limitations of polarimetry and future areas for sensor improvement. Finally, it identifies a
polarization-based neural signal, with major implications for non-invasively tracking neural
activity.

1.2 Summary of chapters
The background for this work spans the next four chapters (i.e., Chapters 2-5). Chapter 2 covers
polarization optics. To mathematically ground this work, the properties of polarization are first
defined via the Stokes-Mueller formalism and are then extrapolated to explain changes in light as
it interacts with polarizing elements. Methods for detecting polarization are discussed, and the
physical properties of the DoFP polarimeter used for this research are examined in detail.
Chapter 3 provides an overview of tendon’s structure, composition, and types of injury. This
1

chapter provides detailed background on the optical properties of the main constituent of tendon,
type I collagen, and describe why collagen is an attractive target for polarization imaging.
Chapter 4 delves into neuronal cell structure and the predominant method by which neurons
communicate. The neural anatomy of the olfactory system for the Schistocerca Americana
(American locust) is described, and a generalizable mechanism for polarization sensing within
neural cells is discussed. Chapter 5 describes three modern polarization sensing modalities,
including polarization-sensitive optical coherence tomography, second-harmonic generation, and
high dynamic range DoFP polarization sensing.
The next three chapters describe the experimental research (i.e., Chapters 6-8). Chapter 6
outlines the development of a novel method for tracking dynamically loaded soft tissue
alignment, using reflected light polarization imaging. It covers sample preparation, mechanical
testing, optical theory, polarization state generation, sensor calibration, and analytical methods.
The optical results are organized by imaging angle and polarization state generator, and
recommendations for future applications are made. Chapter 7 reports similar results, and
compares data collected by a large dynamic range polarimeter with a standard linear CCD
polarimeter in transmission mode. The data presented are divided by sample thickness, aperture
setting, and illumination level. Chapter 8 presents the ongoing search for the mechanism behind
polarization-based neural signaling. It covers the experimental systems used for neural recording,
stimulus methods, recording techniques, and analytical methods. The similarity between
electrical and optical signals in vitro is discussed, and a stimulus-evoked in vivo signal is
described and chemically manipulated.
The final chapter, Chapter 9, summarizes the key conclusions from this work. Several possible
future directions are outlined, including a method for neural recording using transmitted light,
2

and a design for simultaneous surface- and depth-resolved polarimetry. In summary, the results
of these studies advance our understanding of polarimetry and its applications across the
biomedical field.

1.3 References
1. Lucid Vision Labs Inc. (2018, June 19) First to showcase Phoenix polarization color
camera featuring Sony IMX250MYR sensor at CVPR 2018. Retrieved from
https://thinklucid.com/phoenix-polarization-color-camera-featuring-sony-imx250myrsensor-at-cvpr-2018/

3

Chapter 2: Background – Polarized light
There are four fundamental properties to an optical field: coherence, intensity, wavelength, and
polarization. A wave of light generated by the sun, by the time it reaches our planet, can be
assumed to be fully in-coherent, and so coherence is typically considered only in specialized
fields. Of the three remaining components, the human eye is sensitive to only two, intensity and
wave length (that is, how bright a scene is and what color things are). While the human eye is
virtually blind to the third component, polarization, [1] other species use it to great effect. Ants of
the Sahara desert use the polarization state of the sky to make a direct return to their burrow after
foraging via a random walk.

[2]

Northern swordtail fish employ polarization to impress potential

mates. [3] And, nocturnal migratory birds like the Savannah sparrow use the polarization state of
the sky at dusk for orientation. [4]
Polarization describes the phase difference between the x and y components of an
electromagnetic field when it is modelled as a plane wave propagating through space in the z
direction. The electrical component of the wave is expressed as
̂ + 𝐸0,𝑦 cos(𝜔𝑡 − 𝑘𝑧 + 𝛿𝑦 ) 𝐲
̂.
𝐄𝐳 = 𝐸0,𝑥 cos(𝜔𝑡 − 𝑘𝑧 + 𝛿𝑥 ) 𝐱

(eq. 2.1)

Here, 𝐸0,𝑥 and 𝐸0,𝑦 are the instantaneous amplitudes of their respective fields: 𝜔 is the frequency;
𝑡 is time; k the wave number; z the direction of propagation; and 𝛿𝑥 and 𝛿𝑦 are phases in the two
planes.
The difference in phase, 𝛿𝑥 ‒ 𝛿𝑦 , describes the polarization state of the propagating wave front.
The states of these wave fronts can be broken into two broad categories: unpolarized, where the
signals change randomly, and elliptically polarized, where the differences are constant. Within
4

elliptical polarization, two special instances should be noted: (1) when 𝛿𝑥 and 𝛿𝑦 are equal, the
ellipse collapses to a line, a state called linear polarization; and (2) when the difference between
𝛿𝑥 and 𝛿𝑦 is equal to ±45°, the ellipse is fully circular, a state called circular polarization. In
nature, most light waves are a combination of polarized and unpolarized light waves. In this
chapter, we will describe the polarization state of light using the classic Stokes-Mueller
formulas, then discuss modern implementations of polarimeters, and finally go into detail on the
design and inspiration for our preferred polarization sensor.

2.1 Describing polarization using the Stokes-Mueller
formalism
The polarization state of light can be calculated using the Stokes-Mueller formalism1. The
intensity of light measured through a linear polarizer rotated by an angle (𝜃) with respect to a
reference x-axis and a retarder with a phase shift (∅) can be defined as
1

𝐼(𝜃, ∅) = 2 (𝑆0 + 𝑆1 cos 2𝜃 + 𝑆2 sin 2𝜃 cos ∅ + 𝑆3 sin 2𝜃 sin ∅) .

(eq. 2.2)

The terms 𝑆0 through 𝑆3 are the Stokes parameters, which describe the polarization state of a
wave of light. The 𝑆0 parameter represents the total intensity of the incoming light; therefore the
sum of the other three components can never be greater than 𝑆0 . 𝑆1 and 𝑆2 describe the degree of
linear polarization in the propagating wave front on a scale from –1 to 1, where S1 is the measure
of polarization propagating vertically or horizontally, and S2 measures the amount of polarization
in the 45° and 135° directions. Finally, 𝑆3 measures the amount of circular polarization, where 1
is a completely circularly polarized wave with a right-hand corkscrew, and –1 is a completely
circularly polarized wave with a left-hand corkscrew.
5

Although mathematically they do not describe a vector space, the four Stokes parameters
together are commonly referred to as a vector, and can be defined using the components of the
electromagnetic wave (eq. 2.1): [5]
2
2
𝐸0,𝑥
+ 𝐸0,𝑦
𝑆0
2
2
𝐸0,𝑥
− 𝐸0,𝑦
𝑆
[ 1] =
.
𝑆2
2𝐸0,𝑥 𝐸0,𝑦 cos (𝛿𝑥 − 𝛿𝑦 )
𝑆3
[ 2𝐸0,𝑥 𝐸0,𝑦 sin (𝛿𝑥 − 𝛿𝑦 ) ]

(eq. 2.3)

Equation 2.3 elegantly describes the range of possible polarization states of a propagating wave
front, from unpolarized, to partially polarized, to completely polarized. These four Stokes
parameters can then be used to calculate the following three measures of polarization: the degree
of linear polarization (DoLP), the degree of circular polarization (DoCP), and the angle of
polarization (AoP), defined as follows:

𝐷𝑜𝐿𝑃 =

√𝑆12 +𝑆22
𝑆0

,

(eq. 2.4a)

𝑆

𝐷𝑜𝐶𝑃 = 𝑆3 ,

(eq. 2.4b)

0

1

𝑆

𝐴𝑜𝑃 = 2 𝑎𝑟𝑐𝑡𝑎𝑛 (𝑆2 ) .

(eq. 2.4c)

1

Representing the Stokes parameters as a vector is a convenient method for mathematically
modeling the way in which a propagating electromagnetic wave reflects, refracts, or scatters off
an object. The properties of any object can be represented by a series of Mueller matrices, each
of which is a 4x4 matrix of real values 𝑴:
𝑆𝑜𝑢𝑡 = 𝑴 ∗ 𝑆𝑖𝑛 .

(eq. 2.5)

6

This matrix makes it quite simple to solve for the effect of any object on light, and in this way,
complex optical events can be modeled as a series of Mueller matrixes representing basic
polarizing elements: linear polarizers, 𝑴𝑷 ; linear retarders, 𝑴𝑹 ; and rotators, 𝑴𝜽 .
A linear polarizer is a modified neutral density filter that attenuates light unequally along two
orthogonal axes; for simplicity’s sake, these orthogonal axes can be represented as 𝑝𝑥 and 𝑝𝑦 . In
terms of its Mueller matrix, a linear polarizer can be defined as follows:
𝑝𝑥2 − 𝑝𝑦2
𝑝𝑥2 + 𝑝𝑦2

0
0

0
0

1

𝑝𝑥2 + 𝑝𝑦2
𝑝𝑥2 − 𝑝𝑦2

𝑴𝑷 = 2
[

0
0
2𝑝𝑥 𝑝𝑦
0

0
0
0 ≤ 𝑝𝑥,𝑦 ≤ 1 .
0
2𝑝𝑥 𝑝𝑦 ]

(eq. 2.6)

Equation 2.6 can be simplified to an ideal linear polarizer by setting one of the axes to zero
(𝑝𝑦 = 0), so that any light traveling through the filter is completely polarized in the 𝑝𝑥 direction:

𝑴𝒑𝒚 =𝟎 =

𝑝𝑥
2

1
[1
0
0

1
1
0
0

0
0
0
0

0
0] 0 ≤ 𝑝 ≤ 1 .
𝑥
0
0

(eq. 2.7)

An ideal linear polarizer will affect only the 𝑆0 and 𝑆1 components, leaving the remainder of the
Stokes vector unaffected.
A linear retarder introduces a phase shift, 𝜙, between the two orthogonal components of a wave
front. This shift in phase is accomplished by both a +𝜙⁄2 increase along the x-axis and a
− 𝜙⁄2 decrease along the y-axis, which create a fast and a slow axis, respectively. The process is
mathematically expressed as follows:
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1
1
𝑴𝑹 = [
0
0

1
0
1
0
0 𝑐𝑜𝑠(𝜙)
0 −sin (𝜙)

0
0
sin (𝜙) ] .
cos (𝜙)

(eq. 2.8)

Note that an idealized retarder impacts only the final two Stokes components, and in particular
has no impact on the intensity of light.
Finally, a linear rotator performs the function implied by the name: it rotates the x and y
components of a traveling wave front. A linear rotator alters only the 𝑆1 and the 𝑆2 components
of the Stokes vector:
1
0
0
0
0
cos (2𝜃) 𝑠𝑖𝑛(2𝜃) 0
𝑴𝜽 = [
].
0 −sin (2𝜃) cos (2𝜃) 0
0
0
0
1

(eq. 2.9)

The physical rotator for a propagating wave front is 2𝜃 because electromagnetic waves 180° out
of phase are identical in the Stokes space. In addition to representing optical elements and
optically active materials, the rotator matrix can create composite matrices that represent rotated
optical elements
𝑴𝑷,𝜽 = 𝑴𝜽 𝑴𝑷 𝑴−𝜽 .

(eq. 2.10)

Equation 2.10 describes a linear polarizer with its transmission axis rotated by an angle 𝜃. In this
manner, any physical system can be modeled as a series of Mueller matrices.

2.2 Polarimeter design and function
There are a number of methods for approaching polarimetry in the visible spectrum; however
these techniques are all constrained by the physical limitations of the sensor speed relative to the
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speed of the visible-spectrum electromagnetic wave propagation. Due to this speed imbalance,
polarimeters must overlay polarization data onto another measure of light, which in the vast
majority of cases is intensity.

[6]

To fully describe the polarization state of light, the four

independent Stokes variables need to be measured. Unfortunately, the optimal method for
quantifying the components of the Stokes vector is not obvious; some possible solutions will
now be described.
The most obvious solution is to reconstruct polarization data from a series of static images, using
three linear polarizing filters and one quarter wave plate retarder, all rotating in front of any
polarization insensitive optical sensor. [7, 8] Because this sensor divides polarization data across a
number of images over a period of time, it is referred to as a division of time (DoT) polarimeter.
[9]

This simple design has excellent spatial resolution and, in some modern applications, is

capable of sub-second resolution. [10] However, DoT approaches suffer from a reduced frame rate
and require that scenes be totally static during data collection. Oscillating liquid crystal cells
operate much like a rotating filter DoT: the single oscillating element eliminates alignment
concerns arising from rotating filters, and data collection can occur at much higher frequencies.
The major disadvantages of these cells stem from their sinusoidal oscillation which, introduces
infinite Bessel-function-based harmonics. [11, 12]
Another solution is to forgo data collection from a single sensor and instead use four sensors, one
for each of the four components necessary to recreate the Stokes vector.

[13-15]

Such division of

amplitude (DoA) polarimeters direct light through a single lens and employ a series of beamsplitters, polarizers, and/or retarders. A DoA polarimeter can capture each modulated image in
tandem without concern for blur or motion artifacts, because all of the components are held
9

static. However, DoA approaches require precise pixel-level alignment to co-register all sensors,
and temperature fluctuations or physical shocks can introduce significant errors. The issue of
optical alignment, in conjunction with the overall system complexity, has precluded this sensor
type from wider use.
Another solution is the division-of-focal-plane (DoFP) polarimeter.

As with the DoA

architecture, the DoFP uses static components to enable single snapshot polarimetry.

[16]

Unlike

DoA polarimeters, the DoFP uses a single sensor with a fully integrated filter, making it
significantly more robust and less temperature sensitive. However, DoFP architecture is difficult
to manufacture, its filter array inhibits spatial resolution, and the periodic nature of the filter can
introduce spatial aliasing errors between the components of the polarization state.

[17]

Many of

these drawbacks have been addressed by the introduction of novel interpolation and
reconstruction methods,

[17-21]

enabling DoFP polarimeters to become widely adopted by the

imaging community. The following section will explore the methods by which a DoFP sensor
collects polarization data.

2.3 Polarization detection in a division-of-focal-plane
polarimeter
The principle of a DoFP polarimeter is found in every standard digital camera. To recreate color
images, modern digital cameras employ a Bayer pattern filter (Figure 2.1a), comprising a series
of transparent color elements arranged in a two-by-two repeating pattern of blue, green; green,
red (aside: the human eye is most sensitive to green light, which is why there are two green
pixels for each red or blue). A demosaicing algorithm is then employed to recreate a color
facsimile of the original scene.
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Figure 2.1: (a) Bayer pattern filter (Burnett, C.). (b) DoFP schematic.

DoFP polarimeters employ a pixel-matched filter that operates on a two-by-two sub-region,
called a super pixel (see Figure 2.1b).

[22]

The color elements are replaced with aluminum

nanowires aligned to one of four arbitrarily defined directions (0°, 45°, 90°, and 135°). The
nanowires must be significantly smaller in diameter than the operating wavelengths, in this case
the visible spectrum (~380–750 nm). The wires act as antennae, dissipating any light not
traveling perpendicularly to their angle of orientation. The filters are 70 nm wide and 200 nm
tall, with a horizontal pitch of 140 nm, [22, 23] and are flip-chip bound post fabrication. Crucially,
the sensor’s extinction ratio is improved by leaving an air gap between the filter and sensor.

[24]

The four linearly filtered pixels within a super pixel can then be used to generate three of the four
Stokes parameters defined in Equation 2.3:
1

(𝐼(0°, 0°) + 𝐼(45°, 0°) + 𝐼(90°, 0°) + 𝐼(135°, 0°))
𝑆0
2
𝑆
[ 1] = [
].
𝐼(0°, 0°) − 𝐼(90°, 0°)
𝑆2
𝐼(45°, 0°) − 𝐼(135°, 0°)
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(eq. 2.11)

In this equation, 𝐼(𝜃, ∅) represents the magnitude of the incoming light measured at a given
angle (𝜃) and retardance (∅). Of particular note are the retardance values, which here are all set
to zero. Current manufacturing constraints are such that incorporating the necessary quarterwave retarder into a pixelated array is infeasible; however a plausible mathematical solution for
S3 would be as follows:
𝑆3 = 𝐼(0°, 0°) + 𝐼(90°, 0°) − 2 ∗ 𝐼(45°, 90°) .

(eq. 2.12)

From the three measured Stokes parameters, it is possible to calculate both the DoLP (i.e., the
amount of linearly polarized light in an incoming wave (eq. 2.4a)) and the AoP (i.e., the
orientation of the polarization wavefront (eq. 2.4c)). These signals are sufficient to determine the
orientation of collagen fibers and the activation state of neural cells.

2.4 Summary
The polarization state of light describes the orientation of an oscillating wave front as it
propagates through space. In nature, unpolarized sunlight becomes polarized through reflection
and scattering, the properties of which can be mathematically modeled using the Stokes-Mueller
formalism, and can be sensed via a number of solutions. The ability of light to “remember” the
polarization properties of the object from which it was last reflected has major implications for a
range of fields, including autonomous driving, reconnaissance, underwater navigation, cancer
detection, and, of particular interest to the discussions here, collagen fiber alignment and neural
activity.
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Chapter 3: Background – Tendon
Tendons are fibrous connective tissues that transfer force between muscle and bone; they enable
and stabilize physical movement.

[1]

Tendons’ functionality arises from a specific and complex

hierarchical structure of constituent components.

[2]

Degeneration, injury, and rupture are

common, and current clinical interventions are commonly unsuccessful, frequently resulting in
constrained movement, increased stiffness, or re-rupture. The proper mechanical function of
tendons is dictated, in large part, by the alignment of the extracellular matrix (mostly type I
collagen fibers), which is responsible for the load-bearing role of these tissues. The underlying
structure of collagen within tendons give rise to unique optical properties that enable the use of
experimental methods that leverage these optical signals to quantify and track the degree of
collagen alignment. Here we will discuss the structure and composition of tendon, then look at
the how tendon damage manifests, and finally examine the sources of optical polarization within
tendon.

3.1 Structure
Tendons have a hierarchical structure that spans from a few nanometers to a centimeter or more.
The structure of the individual components in a tendon shapes the function of the tendon. The
smallest tendon structural unit is a fibril, which consists of regularly repeating quarter-length
overlapping collagen molecules. The next larger structures above fibrils are fibers, which are
composed of collagen fibrils bound by a thin layer of connective tissue called the endotenon. The
endotenon contain blood vessels, lymph, and nerves. [3] Bundles of fibers group to form fascicles,
and groups of these fascicles are further bundled by the epitenon, which, like the endotenon,
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contain vasculature, lymph, and the nerve supply to the tendon.

[4]

All this is contained within a

further layer of connective tissue known as the paratenon. [5]
The hierarchical structure of aligned fiber bundles running in parallel is responsible for the
tensile strength of tendon and is crucial to their non-linear, anisotropic mechanical response to
applied tensile loads. The structure creates the stereotypical “crimp pattern” seen in tendon ex
vivo

[6]

and, due to the natural birefringence of this organizational structure, makes tendon an

appropriate candidate for polarization imaging in order to determine fiber alignment, a focus of
this dissertation.
At their end points, tendons connect to bone and muscle, in interfaces called the enthesis and
myotendinous junction, respectively. The enthesis provides a graded interface between soft
tissue (tendon) and hard tissue (bone) through zones of varying properties including
unmineralized fibrocartilage and mineralized fibrocartilage.

[7, 8]

At the myotendinous junction,

collagen fibers insert into deep recesses formed by myofribroblasts, allowing transfer of load
from muscle to tendon.

[9]

The myotendinous junction is the weakest point in the bone-tendon-

muscle complex. [10]
Within a tendon, linear arrays of cells arrange themselves between collagen fibers in a 3dimensional network, with cellular processes that are distributed throughout the tendon. Tendon
cells are in direct contact with collagen bundles and cell-cell interactions are mediated via
flattened cell processes that form gap junctions.
pericellular matrix,

[12]

[11]

These cells are surrounded by a specialized

which plays an important role in mechanotransduction. Mechanical

deformations of the extracellular matrix surrounding the tendon are transmitted to the tendon
cells, which then are able to respond appropriately to variations in mechanical demand.
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[13]

The

forces transmitted to the cells are less than the actual applied forces and are likely impacted by
factors such as age, tendon type, disease, and exercise. [14, 15]

3.2 Composition
The major constituents of tendon are water, collagens, proteoglycans, glycoproteins, and cells.
Tendons are ~55-70% water by mass. The remaining dry weight components are 60-85%
collagen, of which type I collagen accounts for ~95%.

[10, 16]

[9]

The remaining 5% of collagen is

comprised of types II, III, IV, V, IX, X, and XI. Type III collagen, in healthy tissue, is
predominantly located in the layers of connective tissue, the endotenon and epitenon.

[17]

The

fibrils formed by type III collagen are smaller and less organized than those formed by type I. [18]
Type III collagen is also found in aging tendons and at the insertion sites of damaged tendons,
where the reduced organization can decrease mechanical strength.

[18]

Type V collagen is

believed to be involved in modulating collagen fibril diameter and is important for regulating
fibril formation. [12, 19] Some of the remaining collagen types are found at the fibro-cartilaginous
enthesis sites and are believed to be important for strength at and around the bone insertion site.
[20, 21]

The base unit for tendon formation is tropocollagen, a long thin protein produced inside a cell
and either secreted as procollagen or converted to collagen and then secreted.

[22]

Collagen

molecules are arranged into a matrix and cross-linked, which increases the elastic modulus and
reduces strain at failure. Cross-link formation is mediated by the enzyme lysyl oxidase, with the
two most common crosslinks being lysylpyridinoline and hydroxyl-lysylpyridinoline.

[23, 24]

Besides collagen, tendons also contain small quantities of proteoglycans. Proteoglycan
concentration depends on the tendon’s location and type of mechanical loading: compression17

bearing tendons tend to have a higher concentration of proteoglycans than tension-bearing
tendons.

[25-27]

Proteoglycans’ are responsible for a variety of tendon properties, including

resisting compression [26] and facilitating slippage during mechanical deformation. [28]
The extracellular matrix (ECM) of tendons contains several types of glycoproteins, which
contribute to mechanical stability and help facilitate wound healing.

[29, 30]

Elastin fibers in the

ECM may also play a role in post-injury recovery and maintenance of the stereotypical crimp
pattern. [31]
Tendons have relatively low cellular densities, consisting typically of fibroblasts. These cells
form in rows and are responsible for synthesizing the proteins found in the ECM, producing and
organizing the collagen matrix, and remodeling the ECM during healing. Signaling of fibroblasts
is mediated via gap junctions and connexins 32 and 43.

[32]

Mechanical stretching of tendon

fibroblasts in vitro has been shown to increase the expression of junctional proteins and the
components of stress fibers.

3.3 Injury
Tendon-specific injury can be either chronic or acute. Chronic tendon injury or overuse injuries,
called tendinopathy,

[33]

affect millions of people in occupational and athletic settings.

[34]

Tendinopathy generally arises from disruptions in the highly organized hierarchical collagen
structure. Excessive mechanical loading is considered a major causal factor, although
tendinopathy can be brought on by a combination of extrinsic or intrinsic factors.

[35, 36]

Examples of extrinsic factors involve mechanical impingement on the tendon by external
structures or physiological exercise, while intrinsic factors involve degeneration as a result of
aging, disease (e.g., type 2 diabetes mellitus and obesity), or poor healing. Because the
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pathogenesis of intrinsic tendinopathy is not well understood, histological characteristics, such as
collagen fibril disorganization, increased proteoglycan and glycosaminoglycan content, increased
noncollagenous ECM, hypercellularity, and neovascularization are used for identification.

[37-40]

These changes, both cellular and molecular, result in modified mechanical properties and pain.
Acute tendon injuries, by comparison, stem from sudden partial or complete rupture of the
tendon. This rupture is then followed by a healing response, which is less effective at repairing
tendons than other musculoskeletal components, and what healing does occur tends to be
significantly less organized. [41, 42]

3.4 Optical properties of type I collagen
The structure and arrangement of type I collagen within tendon, and indeed, the very molecular
makeup of a single type I fiber, hold the key to polarization sensitivity in tendon. As a preface to
further discussion, on the assembly of collagen chains and properties relevant to polarimetry, it is
important to first discuss the optical concepts of scattering, birefringence, and reflectance.
Scattering is the principal mechanism for modifying the polarization state of light propagating
through biological tissue. A propagating waves’ polarization state is dependent on its previous
scattering events. In most bulk biological tissue, there is sufficient variation in molecular size
and structure that individual scattering events have complex and apparently random results.

[43]

Because each event impacts the polarization state differently, an accumulation of scattering
events will lead to an unpolarized or completely random polarization state. [44] This is true for all
biologic media except for those consisting of organized linear structures that exhibit so-called
form birefringence, such as tendons, muscle, nerve, bone, cartilage, and teeth. [45]
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Birefringent materials are defined as bulk substances capable of creating differences in the light
wave velocity, depending on that wave’s orientation. A birefringent material has a refractive
index that depends on the phase of light traveling through it. Birefringence is termed positive if
light velocity is higher in a plane parallel to the length of that structure, and negative if the
velocity is lower.

[46]

The intensity of birefringence is mainly a function of alignment in

molecular packing, but is also influenced by chemical groups and sample thickness.
Biological tissues exhibit both form birefringence and intrinsic birefringence. Form birefringence
arises from the linear anisotropy of fibrous structures and accounts for the majority of
birefringence found in tissue. The structures responsible for form birefringence include
aggregations of chiral particles, such as glucose molecules, systems of dielectric plates, and
systems of long dielectric cylinders. The arrangements of type I collagen in bulk tendon create a
uniaxial birefringent medium whose fast optical axis is parallel with the long axis of the collagen
molecules. It is possible to reduce the degree of form birefringence by matching the refractive
index of the tissue with that of the background substance, [47] which complicates the comparison
of physical properties with quantitative results.
By comparison, intrinsic birefringence depends on the anisotropic distribution of electrical
charge.

[48]

Because intrinsic birefringence is tissue specific, we will focus on its molecular

composition as it relates to type I collagen, the primary component in tendon. Type I collagen is
made of three left-handed helical polypeptide chains wound in a right-handed super helical
structure (supercoil). The main fiber portion of each polypeptide chain is composed of an
ordered arrangement of amino acids, with three amino acids per left-handed turn. Within each
turn, glycine (Gly) is in the first position, followed by the same or similar amino acids in the
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second (X) and third positions (Y), Gly-X-Y. The tight twist (three-amino-acids in length) and
the lack of steric hindrance seen in type I collagen is due to the location of glycine, the smallest
amino acid, arranged in the center of each collagen molecule. This confirmation allows the more
bulky side chains (X, Y) to point outward. Each of the three polypeptide chains rotates around
the molecular central axis, so that the amino acid of chain one is directly above its homologous
constituent in chain two, and so on. [48]
It is possible to modify the degree of intrinsic birefringence using a range of dyes. Sirius red
50]

and toluidine blue

[51]

[49,

have been used to increase intrinsic birefringence, while Congo red

reduces birefringent intensity.

[52]

The right-handed supercoil aligns amino acid chains

approximately parallel to the molecular axis, and the activity of these dyes indicates that a
number of moieties are arranged perpendicularly to the molecular axis. The combination of these
effects creates the quasi-crystalline structure seen in type I collagen, and is responsible for the
intrinsic birefringent signal.
One of the major impacts of bulk birefringence is to preferentially reduce via retardance the
effects of optical scattering. Retardance refers to the phase change introduced between two
orthogonal waves that are forward scattering through a linearly birefringent material, such as
tendon.

[47]

This phase difference is due to the refractive index mismatch between the waves,

because the wave oriented parallel with the type I collagen fibers propagates more quickly than
the perpendicular wave. After sufficient scattering events, a detectable phase difference
accumulates (∆𝜂) between these two wave fronts. The phase retardation (𝛿) between these
optical components is proportional to the distance (𝑑) traveled through the birefringent material:

𝛿=

2𝜋∆𝜂𝑑
𝜆

.

(eq. 3.1)
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Here, 𝜆 is the wavelength of the light source in a vacuum. The change in 𝜂 is calculated by
taking the difference of the refractive indexes for an incident electrical field oriented parallel
(𝜂𝑒 ) and perpendicular (𝜂𝑜 ) to the arranged cylindrical long-axis of the bulk substance. It can be
expressed as [53]

∆𝜂 = (𝜂𝑒 − 𝜂𝑜 ) =

𝑓1 𝑓2 (𝜂1 −𝜂2 )2
𝑓1 𝜂1 +𝑓2 𝜂2

,

(eq. 3.2)

where 𝑓1 is the volume fraction of the cylinders, 𝑓2 is the volume fraction of the background
material, and 𝜂𝑥 refers to the refractive indexes of each volume fraction. These calculations are
of great importance when dealing with depth-sensitive quantitative imaging techniques where the
(𝑥, 𝑧) axis is examined.

3.5 Summary
The hierarchical structure of tendon is functionally responsible for force transduction. The
composition of tendon, and in particular the abundance of type I collagen, have important
implications for optical imaging. Injury and inappropriate healing of these tissues leads to a
reduction in function, and a breakdown in their highly aligned structure, which results in a
change in optical properties, making them an excellent target for polarimetry.
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Chapter 4: Background – The Brain
The hunt for a non-invasive measurement of neural excitation is at the fore of brain research.
Current methods for signal tracking are limited to either highly invasive, (i.e. implantable
electrodes, and chemically enhanced imaging, such as calcium and voltage sensitive dyes), or
highly restrictive (i.e. magnetic resonance imaging, and positron emission tomography, which is
as dangerous as daily commuting via bicycle) modalities. The absence of this optimal technique
that neither damages nor incapacitates the subject, has led to an exploration of alternative
methods and here polarimetry could have a major impact. To explain and motivate this
exploration we will cover the structure and functioning of neuronal cells, introduce and delineate
the olfactory pathway of the Schistocerca Americana (American locust), and touch on potential
causal factors that may play a role in optically tracking neural activity.

4.1 Neuronal cells
4.1.1 Structure
Brains, whether of a higher order mammal or a simple invertebrate, consist roughly of three
neuronal cell types: sensory neurons, interneurons, and efferent neurons. Sensory neurons have
two subtypes: pseudo-unipolar cells, in which the neuron and dendrite are fused, and bipolar
cells with dendrite and axon both extending from the central soma. Interneurons also have two
subtypes: anaxonic cells, a cell without a clear axon, and multipolar cells, often with extensive
dendritic arbors and a clear, if not far reaching, axon. Efferent neurons, the classic neuron type
are the focus of most of this section.
Efferent neurons are identified by their three well defined regions: (1) The dendrites, which are
thin branched processes that receive information from nearby cells at specific terminals known
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as synapses. Dendrites increase the neural surface area, allowing the cell to gather information
from many neighboring neurons. (2) The soma or cell body, which integrates information from
the dendrites. Because the soma has a larger volume than the dendrites, multiple simultaneous
signals need to be integrated at the same time to cause the cell to ‘fire’. (3) The axon, which
originates at the axon hillock in the soma, is a thin, sparsely branching projection which ends in
swellings called axonal terminals. These terminals synapse with the dendrites of other neurons.
[1]

4.1.2 Function
An action potential, the basic unit of communication between neuronal cells, is initiated when
sufficient excitation signals received by the dendrites reach the axonal hillock in unison. Action
potentials are characterized by a change in voltage across the cellular membrane. In the narrow
diameter dendrites this signal transmits quickly and efficiently, however as the signal reaches the
soma the surface to volume ratio is reversed from that of the dendrites. Thus, a large number of
dendritic signals need to reach the hillock in a narrow temporal window. The axonal hillock is
identified by its mass of voltage gated sodium channels, the largest collection in the cell, making
it highly sensitive to small changes in voltage, which offsets the otherwise poor conduction of
the soma. If sufficient signals from the dendrites reach the hillock within a narrow temporal
window then, this summation of voltage signals will cause sodium channels to snap open causing
sodium to flood in, electrically depolarizing that limited region of the cell. Not to be confused
with the polarization of light, depolarization in a cell refers to a shift in electrical charge, in this
case a positive increase in cellular voltage, opposite to the cell’s natural negative charge. As the
cell depolarizes, the voltage across the cellular membrane shoots up from its resting potential of
approximately –70 mV to around +30 mV at its peak. With this sharp increase in voltage
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potential across the membrane, two things happen: first, voltage gated potassium channels snap
open and potassium rushes out of the cell, and, second the sodium channels begin to self-inhibit,
or inactivate. Inactivation can be thought of as a plug that stops the flow of sodium into the cell.
These two events cause the cell’s voltage to plummet past the resting membrane voltage before
recovering to its at-rest potential. The recovery phase, during which time sodium channels deinactivate, close their activation gates and release their plugs, is also referred to as the refractory
period. The refractory period does two things: first it stops the cell from generating a second
action potential for a limited period of time, and second it blocks aberrant back propagation of
the current action potential, creating a signal that preferentially proceeds distally down the length
of the axon. During the height of sodium channel activation, the membrane distal to the current
region of activation, experiences an increase in transmembrane potential, enough for the voltagegated sodium channels in that region to snap open, which causes the action potential to propagate
down the axon. In this manner an action potential propagates from the axonal hillock through the
length of the axon to the axonal terminals, where the electrical signal is converted to a chemical
one, the details of which can be found elsewhere. [1]

4.2 Locust olfaction
The olfactory system is highly conserved across phyla.

[2, 3]

As the first, and simplest, sensory

system, it has been an expansive canvas for neural research.

[4]

Much of the work done in

olfaction has focused on the drosophila, and the work done in that field ranges from memory
to the identification of labeled lines.

[6]

[5]

However, drosophilae are quite small and quite fragile.

For these reasons and others, a hunt began for a larger, more stable insect olfactory system.
Many insects were explored, including Lepidoptera (butterflies and moths),
(honeybees),

[8]

Periplaneta Americana (cockroaches),
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[9]

[7]

Apis Mellifera

and Schistocerca Americana or the

American locust.

[10]

The locust makes an excellent olfaction model because it is well

characterized, sturdy, has a large brain (two millimeters across), and an easily accessible
olfactory system located on the dorsal surface of the brain. Recent studies have demonstrated the
ability of this system to perform behavioral assays.

[11, 12]

Here we will explore the structures in

the locust brain, starting with the sensory organ (the antenna), proceeding to the primary
processing center (the antennal lobe), and finishing with a discussion of the mushroom body,
often thought of as the memory in insects.

4.2.1 The antenna
At the macro-scale, the locust antenna is composed of several flagellar segments called annuli,
and each of these is covered by hundreds of small cone-like structures called sensilla, which
house several sensory neurons, called olfactory receptor neurons (ORNs). The ORNs are the first
relay station in the olfactory pathway, where airborne odorants are transduced into electrical
signals and are transmitted to the brain bundle. Odorants activate a combinatorial response across
the array of ORNs, with single ORNs responding to a range of ligands. These responses generate
odor-specific firing rates and temporal patterns of spiking [13] that are projected by the ORNs into
sub-regions of the antennal lobe called glomeruli. ORNs with a common receptor type synapse
onto a common glomeruli. The dendrites of ORNs branch up to the sensilla, with cilia at their
ends capable of binding odorant molecules, [14] while the ORN cell body is located at the base of
the antenna, closer to the brain bundle. Despite expressing only a single receptor, ORNs are able
to detect a variety of odorants across a range of concentrations. [15]
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4.2.2 The antennal lobe
The antennal lobe is the insect equivalent of the olfactory bulb found in mammals. In the lobe,
inputs from the ORNs are integrated and processed before being passed on to higher neural
centers downstream. Neurons within the antennal lobe can roughly be broken into two
categories: efferent neurons, called projection neurons (PNs), and interneurons, called local
neurons (LNs).
PNs are noisy, highly active, neurons that receive inputs from approximately 50 thousand ORNs
from the antenna and ‘project’ from the antennal lobe to one of two higher processing centers:
the mushroom body (section 4.2.3) and the lateral horn (not discussed here). There are
approximately 830 PNs in a locust antennal lobe, around 12% of which are activated by any
given olfactory stimulus.

[16]

PN cell bodies are located at the outermost surface of the antennal

lobe, while the lobes’ bulk volume comprises thousands of bundles of neuropils, referred to as
glomeruli. PN dendritic arbors branch down into these glomeruli, with each PN synapsing to
around 15 distinct glomeruli. [17]
LNs are GABAergic inhibitory anaxonic interneurons which work to cull the otherwise noisy
stochastic firing of the antennal lobe. Because they are GABAergic, LNs do not signal via a
stereotypical action potential, they instead generate spikelets, small wavelike fluctuations in
electrical potential. There are approximately-300 LNs

[18]

which arborize extensively though the

antennal lobe and synapse onto both PNs and other LNs. [19] Signaling and identification of odors
is driven by the oscillatory synchrony that LNs generate within the antennal lobe network, and
blocking LN activity disrupts this synchrony during odor stimulus. [20]
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4.2.3 The mushroom body
The mushroom body is widely considered the center for memory and learning in insects. Axons
from PNs synapse with the primary cells of this region, called Kenyon cells (KCs). Unlike the
highly active antennal lobe, the mushroom body is characterized by a paucity of spiking, despite
the nearly 50,000 KCs present. Each KC receives input from around 15 PNs and each PN
connects to nearly 600 KCs.

[20, 21]

Individual KCs respond to a limited number of odorants

within a very specific concentration range,

[21, 22]

spikes total, with almost no baseline activity.

and these responses are limited to one or two

[23]

There are two main reasons for the sparse

activity in KCs: (1) inhibitory giant GABAergic neuron (GGN), a bi-directional neuron
connected to all KCs, is broadly responsive to all odorants, and thereby depresses KC activity
during odor stimulus. (2) KCs also receive phase-delayed inhibition from neurons in the lateral
horn; a separate region of the insect brain.

[24]

Thus, for a KC to produce an action potential, a

group of PNs must fire in synchrony during the brief period when the KC is not being inhibited
by neurons from the lateral horn and by the GGN.

4.3 Polarization in the brain
Other than in the work by York et al.,

[25]

neural polarization signals have not been described.

The temporal scale of the signal detected via polarimeter, 1-3 seconds, that York and his
colleagues identified is clearly not an optical analog for electrical neural excitation, which occurs
on the micro-second time scale. One possible mechanism for this optical signal is cellular
swelling induced by water of hydration fluctuations during neural activation. Neuronal cells
maintain a sodium-potassium gradient so that sodium is constantly being exported into the
extracellular space, while the intercellular potassium concentration is kept high. As sodium
channels open along the length of the axon and sodium rushes in, water must flow into the cell to
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compensate for the size difference between sodium and potassium molecules. Even though both
atoms have a 1+ charge, sodium, being smaller than potassium, must bind more water molecules
more strongly to keep from crashing out of solution. Therefore, even as potassium rushes out of
the cell to induce cellular repolarization, the interstitial cellular space is flooded with additional
water molecules. The increase in intercellular volume in turn leads to a slight swelling of the
neural cell, which in early experiments

[26, 27]

was observed as a reduction in opacity. Because

polarization measurements are strongly associated with microscopic physical changes in
otherwise translucent tissue, water of hydration could be a plausible explanation for the optical
signals observed by York and his colleagues.

4.4 Summary
The main method for neural communication, the action potential, and many of the accompanying
neural signaling methods, are well understood. Neuron types and the roles they play have been
well characterized for a myriad of animal models. However, the polarization signals described
herein are not well understood and are not well characterized. It is imperative that those reading
this take note, the work presented in the neural polarimetric arena (Chapter 8) have not been
proven conclusively, and while I may believe that the signal has value, the work presented here
was not able to rule out physical movement unrelated to neural activity.
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Chapter 5: Background – Optical techniques
Polarization sensitive imaging has advanced remarkably over the past five decades. Highly
birefringent biological tissues are found in most species, and the ease of integration of
polarization sensitivity with existing modalities has meant that technologies such as optical
coherence tomography, second-harmonic generation, and small angle light scattering have made
the crossover to point of care. This chapter discusses four of these technologies.

5.1 Polarization-sensitive optical coherence tomography
Optical coherence tomography (OCT) is the optical analog of ultrasound pulse-echo imaging. It
was first described by Huang et al. in 1991 [1] and was rapidly adopted for clinical uses, with the
first handheld device available as early as 2002.

[2]

OCT provides depth-resolved imaging using

light from the near-infrared spectrum. It was initially designed to track ocular degeneration [1, 3-5]
and has since been applied to melanoma diagnosis.

[6, 7]

With the integration of polarization

sensitivity, OCT has become a potentially powerful tool for early detection of osteoarthritis.[8-12]
OCT achieves depth resolved imaging using Michelson interferometrics to measure the
difference in time-of-flight of light split between a control arm and a sample arm. Time-of-flight
refers to the time it takes for light to reflect off a surface and strike a photodetector. The control
arm contains an adjustable mirror that provides baseline time-of-flight information, which is
compared to the time-of-flight of the sample arm reflected off the tissue sample. Light
backscattered off the surface or subsurface of the tissue sample is delayed relative to the light
from the reference arm and this difference generates the axial depth mapping of the sample (A
scan). The process is repeated after a small lateral translation to form a full x-z axis B scan. This
optical sectioning is similar to that of confocal microscopy, [13] but depth detection is limited by
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coherence length of the light source rather than the numerical aperture, [14] instead the numerical
aperture determines the lateral resolution. [15]
The earliest implementations of OCT utilized high-emitting LEDs in the ~830 nm range;
however, Pan et al.

[6]

demonstrated superior penetration using higher wavelength (~1300 nm)

light sources. There are signal quality trade-offs associated with using longer wavelengths, [6] but
the ~0.5 mm depth increase has generally been considered more valuable. [16]
Polarization sensitivity was the first enhancement made to OCT, [17] achieved by incorporating a
division of amplitude system. A vertical polarizer is placed in front of the light source and
quarter-wave plates are placed in each arm, which combine to create circularly polarized light.
The reference arm plate angled at 22.5° to the light path and the sample arm plate angled at 45°
(more recent versions have introduced a neutral density filter in the reference arm path). After
recombination, a polarizing beam splitter breaks the signal into two orthogonal components,
which are then directed to individual detectors.

[17]

This polarization sensitive OCT (PS-OCT)

can create, B scans at ~5 frames per second. The outputs are retardance 𝛿(𝑧) and
reflectivity 𝑅(𝑧), which can be expressed as
𝐴 (𝑧)

𝛿(𝑧) = tan−1 (𝐴𝑣 (𝑧)) ,

(eq. 5.1)

𝑅(𝑧) = 𝐴2𝑣 (𝑧) + 𝐴2ℎ (𝑧) .

(eq. 5.2)

ℎ

Here 𝐴𝑣 (𝑧) and 𝐴ℎ (𝑧) are the interference amplitudes for the vertical and horizontal detectors,
respectively, at depth 𝑧. Reflectivity is the magnitude of the signal, and retardance gives
structural information based on the birefringence of the tissue being imaged. Depth-resolved
birefringence data appears as a banding pattern that oscillates between 0 – 𝜋. Signal strength, for
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retardance imaging, is greatest when the light source is orthogonal to the long axis of the bulk
substance. This property makes homogenous bulk substances (e.g., tendon) simple to test

[18-20]

due to their highly regularized and homogeneous structure. By comparison the depth-dependent
structures of intervertebral discs [21, 22] and cartilage [2, 9, 10, 12, 23-26] yield diagnostically richer and
more complex information.
PS-OCT “non-invasively” creates near real-time B scan images, multiples of which can be
stacked to create three dimensional C scans. In actual practice the sensor in PS-OCT must be in
direct contact with the target tissue, and this combined with a working distance of a few
millimeters makes PS-OCT technology unsuited for initial or bulk screening.

5.2 Second-harmonic generation
Second harmonic generation (SHG) is a nonlinear optical process that occurs only in materials
that lack a center of symmetry.

[27]

Non-centrosymmetry in optical organic media can result

from: [27] (1) non-centrosymmetric alignment of dipoles, which generates an “achiral” signal, (2)
the chirality of helical macromolecules, which generates a “chiral” signal,

[28]

and (3) intrinsic

asymmetry at any interface, although this is typically negligible in macromolecular organic
structures.

[29]

The mechanism for this nonlinear optical phenomenon is the annihilation of two

photons and the creation of a new photon at exactly twice the frequency

[30]

and half the

wavelength. Unlike two-photon excitation fluorescence, SHG is not a resonant phenomenon,
meaning that the signal exists only during sample excitation.
Mathematically the nonlinear polarization of a material is defined as an infinite power series of
an electric field:

37

𝑃 = 𝜒 (1) 𝐸1 + 𝜒 (2) 𝐸 2 + 𝜒 (3) 𝐸 3 + ⋯,

(eq. 5.3)

where 𝑃 is the induced polarization, 𝜒 (𝑛) is the 𝑛th order nonlinear susceptibility tensor,
and 𝐸 𝑛 are the electric components of the electromagnetic wave (Equation 2.1). The first term
describes linear processes such as absorption and reflection. The second term describes secondorder phenomena, such as second harmonic generation, sum and difference frequency
generation. Third term describes third-order phenomena, both two- and three-photon absorption,
as well as third harmonic generation. [31] In the second term from equation 5.3 ( 𝑃 = 𝜒 (2) 𝐸 2 ) the
second-order nonlinear polarization depends on the quantities 𝜒 (2) , which must be measured
experimentally, and the field strength (𝐸) squared. The SHG signal strength ( 𝐼(2𝜔)) is then
described as
𝑝

2

𝐼(2𝜔) ∝ [𝜒 (2) 𝜏 (𝜔)] 𝜏 ,

(eq. 5.4)

where 𝑝 is the pulse energy, 𝜏 is the laser pulse width, and 𝜔 is the angular frequency of the
excitation source.31
Hyper-polarizable non-centrosymmetric systems occur at the molecular level in the presence of
electron-donor and electron-acceptor moieties connected by π-conjugated bonds. Polypeptides
and proteins are rich in these donor- acceptor- moieties, but SHG also requires a structural
organization of molecular emitters at the focal volume scale.

[32, 33]

Collagen fits both of these

criteria, and furthermore the triclinic microcrystalline structure of type I collagen has been
demonstrated to be the most efficient source of SHG in tissue.

[34-36]

Thus the strength of the

SHG signal comes from two sources. First, the dominant achiral contributors are the methylene
functional group in the pyrrolidine rings of proline and hydroxyproline amino-acid residues.
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Second the dominant chiral contributors are the carbonyl groups found in the triple coiled αhelixes of the collagen molecule. [27, 37]
SHG is exclusively performed ex-vivo; samples are thinned and then compressed between slides.
[30, 38]

Backscattered imaging has been demonstrated in tandem with transmission mode; however

it suffers from reduced image quality and poor signal coherence.

[30]

Polarization sensitivity in

SHG is obtained by oscillating the polarization state of the pumping laser and exciting the same
region multiple times, using the division-of-time method of polarimetry. Before femtosecond
laser pumping was developed, these repeated excitations of the same region resulted in sample
damage, in the form of increased transparency via thermal denaturing of collagen molecules. [30]
Altering the polarization state of the pumping laser generates a monotonic increase in signal
strength as the laser sweeps from 0°–90°. Also, as is the case with many imaging modalities,
when using linearly polarized light the strongest signal is generated when the polarization angle
is parallel to the long axis of the bulk substance.
As is the case with PS-OCT, proper application of SHG requires preliminary screening to
identify regions of interest. Additionally, there is no noninvasive option when employing SHG,
meaning tissue samples need be surgically excised and prepared before imaging is possible,
making this the most invasive technique describe herein.

5.3 Small angle light scattering
Small angle light scattering (SALS) first described in 1997 by Sacks et al.

[39],

uses a

combination of an unpolarized narrow beam laser in concert with tissue clearing techniques to
precisely measure the angular alignment of collagen in tissue. SALS is the coherent laser light
progenitor of OCT. The predominant difference between OCT and SALS when employed in ex39

vivo tissue is SALS ability to image fiber alignment as the linear summation of collagenous fiber
orientation through the sample thickness (X-Y plan), while OCT images provide depth
dependent data (X-Z plan). Its use is of particular note when considering tissue with complex
collagen alignment such as aortic valves where the technology has been used to vastly expand
our understanding of valve function and the complexities of bioprosthetics [40, 41].
As with OCT, samples measured using SALS must be held still during imaging, while the laser
is moved across the tissue in a raster pattern. HeNe lasers (λ = 632.8 nm) are used because the
wave length of such lasers is within an order of magnitude of the diameter of collagen and elastin
fibers. SALS detects alignment as a linear summation of collagenous fiber orientation through a
samples thickness. It has an accuracy of ~1° and is able to differentiate between single and
multiple fiber distributions. However, the technique has always been limited to the use of tissue
that was optically clear a process that normalizes the refractive index of all sub-cellular
constituents to a single value.

5.4 Logarithmic sensor design
Research done by the Biosensors Lab at the University of Illinois Urbana-Champaign into
polarimeter design has led to many novel sensor designs including the focus of this section, a
high-dynamic range polarimeter that employs forward biased pixels to image across a ~140 dB
dynamic range. [42]
Logarithmic pixel technology has been present, for over three decades,

[43, 44]

and has many

useful characteristics, such as a high dynamic range and direct proportionality to optical contrast.
In CMOS (complementary metal oxide semiconductor) technology, a logarithmic relation exists
between the current and voltage of MOS transistors operating in the subthreshold region.
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[41]

Despite the simplicity of this relationship and the ease with which it can be implemented, the
variations in threshold and reset voltage are such that each pixel encounters a large fixed pattern
noise (FPN) that must be compensated for locally.
To achieve a high-dynamic-range (logarithmic) imaging sensor, pixel circuitry is designed to
operate in the forward biased mode. This open-circuit voltage at the photodiode provides a
uniform image proportional to the logarithm of the incident optical power.

[45]

Relying on the

logarithmic relationship between photocurrent and photovoltage, current measurements are
compressed in the voltage domain, meaning each pixel is more sensitive to larger photon fluxes
than traditional linear active pixels.
The sensor used for the work described was designed and fabricated by the Biosensors Lab.
Figure 5.1 a-d (adopted from Garcia et al. 2018

[42])

shows a block diagram of a logarithmic

polarization imaging sensor, a schematic of a forward biased pixel architecture, a scanning
electron micrograph of the nanowire polarization filter, and a cross-sectional diagram of the
pixel. The sensor consists of a 384x288 pixel array with an individual pixel pitch of 30 μm
fabricated in a CMOS 180 nm process. The polarization filter was fabricated in a traditional
semiconductor foundry, and the polarization filter was monolithically integrated via flip-chip
bonding.

[46]

The fully integrated imaging array then consists of two-by-two patterned pixelated

polarization filters offset by 45°, based on the division-of-focal-plane polarimetry described in
detail in section 2.3. Each pixel contains a polarizing filter composed of 250-nm-tall and 75-nmwide aluminum nanowires, with a duty cycle of 50%. This monolithic integration of CMOS
pixels and aluminum nanowires enables a single-chip snapshot polarimeter.
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Each forward biased CMOS pixel is composed of a photodiode and three transistors: [one P-type
metal oxide semiconductor (PMOS) and two N-type metal oxide semiconductors (NMOS)]. For
this approach (Figure 5.1b), the reset transistor (T1) toggles the photodiode between exposure
and reset modes; the source-follower transistor (T2) buffers the photo-voltage before readout;
and the select transistor (T3) controls the pixel readout after row selection. Digital scanning

Figure 5.1: (a) Block diagram of the logarithmic polarization imager, consisting of a 384x288 pixel array, where
each photodiode is fully covered by a nanowire polarization filter. (b) Schematic of the logarithmic active pixel.
The photodiode is forward biased to achieve a high dynamic range by logarithmically compressing the
photodiode current at the output voltage. (c) Scanning electron micrograph of a nanowire polarization filter. The
nanowires that constitute each pixelated filter are 250 nm tall and 75 nm wide, with a 50% duty cycle. Scale bar
is 20 μm. (d) Cross sectional diagram. Adapted from Garcia et al., 2018. [43]
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registers control the gates for the reset (T1) and select (T3) transistors, enabling individual pixel
readouts across the array. There are three PN junctions in the pixel: the main n+psub photodiode,
two p+/nwell PN junctions, and an nwell/psub PN junction (Figure 5.1d). The psub is grounded
and the nwell is biased to VDD, which has two important effects: First, aberrantly generated
photo-induced electron-hole pairs in the space charge regions of the nwell/psub and nwell/p+ are
collected by the power rail instead of the photodiode, making nwell shielding unnecessary.
Second, fixing these bulk substrates to ground and VDD makes the body-effect of the NMOS
and PMOS transistors negligible. T1 sets the negative node of the photodiode to -0.5 V during
the reset operation. Because the positive node of the photodiode is set to 0 V, the photodiode is
forward biased. When T1 is turned off, the current across the forward biased photodiode is equal
to the photon-induced current. The voltage across the forward biased diode is set by the
photocurrent as follows

𝑉𝑝ℎ𝑜𝑡𝑜𝑑𝑖𝑜𝑑𝑒 =

𝑘𝑇
𝑞

𝐼𝑝ℎ

𝑙𝑛 ( 𝐼 + 1) .

(eq. 5.5)

0

Here 𝑉𝑝ℎ𝑜𝑡𝑜𝑑𝑖𝑜𝑑𝑒 is the voltage across the photodiode, 𝑘 is the Boltzmann constant, 𝑇 is the
operating temperature, 𝑞 is the charge of a single electron, 𝐼𝑝ℎ is the photocurrent, and 𝐼0 is the
saturation current.
Fixed pattern noise (FPN) in this implementation is corrected for at the pixel level on a frameby-frame basis via a differential read-out amplifier.

[47]

Pixel lines within the array are selected

sequentially by a vertical shift register. The signal from each pixel in the row is loaded onto an
analog buffer. The photodiodes in that row are then reset to -0.5 V, and this voltage value is
loaded onto a second analog buffer. The difference between these two read-out results is the FPN
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compensated output signal. This zeroing action not only provides precise FPN compensation but
also removes the image lag due to residual charge on the photodiode. More recent advances in
logarithmic pixel technology have introduced a third storage capacitor which enables integration
while reading (IWR), the integration then reading (ITR), and differential imaging modes.

[45]

Noise from logarithmic sensors is Johnson (Nyquist thermal) noise generated from the dynamic
resistance of the PN junction; this behavior is different from that of a classical integration pixel
where photon shot noise is visible at the pixel’s output. [48, 49]
The dynamic range of a logarithmic polarimeter is such that during endoscopic and laparoscopic
procedures it should be capable of sensing the entire frame. Lighting in these procedures is
limited so that often a single central region is well illuminated while the surrounding areas are
not visible. By contrast the logarithmic polarimeter is capable of providing data for all pixels
irrespective of local illumination. However, once regions of concern or interest are identified
other modalities would be necessary for further diagnosis.

5.5 Summary
Imaging techniques that utilize the polarization signals from biological tissue have made major
strides in detecting collagen alignment and cancer screening. Of the four techniques described
here, PS-OCT is noninvasively depth resolved, on the scale of micrometers. SHG requires tissue
removal and significant preparation, but gives detail on the nanometer scale. SALS is also
precise at the nanometer scale, but requires that tissue be optically cleared. Logarithmic
polarimetry images across scales but only at the most superficial level. The work described in the
coming chapters employed variations of the division-of-focal-plane polarimeters developed in
the Biosensors Lab described here and previously (section 2.3).
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Chapter 6: A non-invasive reflectance-based
polarization method for tracking dynamic
changes to collagen organization in
mechanically-loaded connective tissues
Many imaging techniques for quantifying collagen organization utilize bulky data acquisition
devices, often require destructive tissue preparations, and rely on tissues being held static while a
series of images are collected for future subsampling. Here, we present a bio-inspired
polarization sensor that uses reflected light to monitor microstructural organization of soft tissues
and track collagen fiber realignment under load in real-time. Employing a division-of-focal-plane
pixelated filter in conjunction with a standard charge coupled device (CCD) sensor, we optimize
a method for contrast-free imaging. Our results demonstrate that reflected light polarization
imaging can quantify dynamic changes in the microstructural organization of tendon.
Additionally, these data identify linearly polarized light aligned either parallel or perpendicular
to the tissue long axis as the most sensitive polarization source generator for tracking tissue
changes, and light source mounting angles of 30° relative to the samples’ normal for greatest
signal range.

6.1 Motivation for reflected light based polarization
imaging
In the United States, there are 33 million musculoskeletal injures reported annually, about 50%
of which involve tendons and ligaments.

[1]

In most cases of tendon laceration or rupture,

surgical intervention is required, representing well over 150,000 replacements and repairs
annually in the U.S. alone.

[2]

The current standard of care includes extensive pre-operative
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imaging (e.g., magnetic resonance imaging and ultrasound) to assess tissue damage and perform
pre-operative surgical planning. However, during surgical procedures, especially in chronic
tendon tears where the demarcations between healthy and damaged tendon are less obvious,
there is no objective method for real-time feedback on the state or mechanical function of the
tissue being repaired. This lack of information may contribute to problems that only become
evident post-surgery and may contribute to longer recovery periods or secondary surgeries. A
new technology for real-time intraoperative assessment of tendon tissue dynamics must meet
certain requirements of the surgical suite: (1) not interfere with the surgical workflow, (2)
provide information about tissue health and dynamics in real-time, and (3) be compatible with
arthroscopic technology.
The structural organization of collagen fibers primarily dictates the mechanical response of
connective tissues when subjected to forces. Various techniques have been developed to assess
the structural organization of collagen, including second harmonic generation,
phase imaging,

[8-10]

optical coherence tomography,

[11-13]

[3-7]

quantitative

and polarization-based imaging.

[14-18]

These imaging techniques have been utilized to collect data in numerous health-related fields,
such as reproductive health [19, 20] cancer imaging, [21, 22] and tissue mechanics. [23, 24] While these
imaging techniques represent significant advances in the fields of medical imaging, they each
suffer from limitations that preclude their use in performing real-time assessment of fullthickness tissues under dynamic loading. These limitations include slow acquisition rates,
multiple moving parts, the need for tissue thinning for light transmission, extensive data analysis,
complex setup configurations, and overly expensive equipment.
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Recent improvements in polarization-based imaging have resolved some of these issues. In
particular, the development of compact, low power, bio-inspired polarization imaging sensors,
[17, 25-27]

together with advances in signal processing algorithms,

[28-30]

have made the real-time

assessment of collagen fiber orientation and realignment feasible. Unlike time-multiplexed
polarization imaging techniques, bio-inspired polarization imaging sensors capture polarization
information at every frame, allowing for fast and accurate assessment of tissue dynamics.
However, the majority of studies published to date, including our own contributions in this field,
[31-33]

have been limited to extracted, thinned tendon samples to enable transmission mode

evaluation of tissue dynamics, which thereby constrain applications to bench-top experimental
studies rather than implementation into a clinical setting.
To address these shortcomings, we describe a polarization-based imaging technique, operating in
reflection mode, for evaluating the microstructural organization of soft tissues and collagen fiber
realignment under load. The proposed imaging technique utilizes a bio-inspired polarization
imaging sensor, in which an array of pixelated polarization filters are integrated with an array of
CCD imaging elements. Due to its compact size and real-time registration of polarization
information, the bio-inspired polarization sensor could be integrated in the future with currently
available arthroscopic instruments at either the proximal or distal ends (Figure 6.1a).

[34]

In a

typical arthroscopic surgery, the light source and the imaging sensor are decoupled and can be
positioned separately. Hence, the relative placement of both devices is instrumental for optimal
imaging of collagen fiber alignment. To simulate this range of potential angles we developed a
simple wooden arch to facilitate independent mounting (Figure 6.1b). This study focused on
three main aspects of reflected-light polarization imaging setup: (1), determine whether
reflected-light polarization imaging was capable of detecting changes in collagen organization,
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(2) determine how polarization state generators (PSG) alter the polarization state of reflected
light, and (3) optimize the placement of light source and sensor for optimal imaging of dynamic
changes in collagen fiber alignment.

Figure 6.1: (a) Theoretical application of a polarization imaging sensor configured with an arthroscope, and an
independent light source in a surgical application. (b) Schematic of the experimental setup, with the light source
and sensor placed at equal and opposite angles measured relative to the sample’s normal.

6.2 Methodology
6.2.1 Sample preparation
Ten frozen bovine deep digital flexor tendons were purchased from Animal Technologies, Inc.
(Tyler, Texas). Samples were harvested from the regions proximal to the natural bifurcation and
cut to a length of ~35 mm. The posterior and anterior surfaces of each sample were leveled on a
freezing stage (Physitemp Instruments BFS-MP Series, Clifton, NJ) sliding micro-tome (Leica
Biosystems, Buffalo Grove, IL) using a Teflon thickness gauge of 3.2 mm as a guide. The cross52

sectional area was measured for each sample with a laser scanning system (Keyence LJ-V 7000
Series, Osaka, Japan). Data were collected from ten tendon samples whose average cross
sectional area was 52.56 ± 10.05 mm2.

6.2.2 Mechanical testing
To increase friction between the samples and test
clamps, sandpaper tabs were attached to the ends of
each tendon sample using cyanoacrylate adhesive.
For image based strain tracking, four 0.5-mmdiameter stainless-steel beads were affixed with
cyanoacrylate to each sample’s surface in a
rectangular pattern. Samples were clamped in a
tensile testing machine (TestResources, Shakopee,
Figure 6.2: Stress strain plot for an example
tendon under cyclic loading

MN) and preloaded to 0.1 N. Mechanical loading
consisted of 10 two-second-long triangular-wave

cycles, each to a 5% grip-to-grip elongation (Figure 6.2). Low levels of applied strain were ideal
to reduce unnecessary damage to the tendon during the prolonged testing period while still
providing sufficient tissue elongation to induce microstructural reorganization to be detected
using the imaging technique. Data were collected with the sensor and light source placed at each
of 12 angles (5° - 60°) relative to the tendons’ normal direction. At each set of angles,
mechanical loading was repeated using each of three polarization state generators (section 3.4)
for a total of 36 iterations over a 1-hour period.
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6.2.3 Theory
The polarization state of light can be calculated using the Stoke-Mueller formalism.

[35]

The

intensity of light measured through a linear polarizer rotated by an angle (𝜃) with respect to a
reference x-axis and a retarder with a phase shift (∅) can be defined as
1

𝐼(𝜃, ∅) = 2 (𝑆0 + 𝑆1 cos 2𝜃 + 𝑆2 sin 2𝜃 cos ∅ + 𝑆3 sin 2𝜃 sin ∅)

(eq. 6.1)

with terms S0 through S3 being the Stokes parameters, which describe the polarization state of a
wave of light. Briefly, the S0 parameter represents the total intensity of the incoming light, S1
describes the relative amount of vertical and horizontally polarized light, S2 is the amount of 45°
and 135° linearly polarized light, and S3 is the amount of right and left handed circularly
polarized light.
To solve for the four Stokes parameters (eq. 6.1), the incoming light wave can be filtered with
different linear polarization filters and quarter wave retarders. By selecting linear polarization
filters at four distinct angles (0°, 45°, 90°, 135°) and wave retarders at both 0 and π/2, the
trigonometric functions simplify to the following Stokes vector expression:

𝑆0
𝑆
[ 1] =
𝑆2
𝑆3

1
2

[

(𝐼(0° , 0° ) + 𝐼(45° , 0° ) + 𝐼(90° , 0° ) + 𝐼(135° , 0° ))
𝐼(0° , 0° ) − 𝐼(90° , 0° )
𝐼(45° , 0° ) − 𝐼(135° , 0° )
𝑆0 − 2𝐼(45° , 90° )

(eq. 6.2)
]

In these equations, 𝐼(𝜃, ∅) represents the magnitude of the incoming light measured at a given
angle (𝜃) and retardance (∅). The first three components of the Stokes vector are easily
collected by using a linear polarizer at a series of four distinct angles (0°, 45°, 90°, and 135°).
The final component (𝑆3 ) requires the introduction of a quarter-wave retarder.
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Our bio-inspired polarization sensor can measure S0 through S2 using a series of pixelated filters
arranged at the four previously defined angles.

[36]

From these signals, it is possible to calculate

both the degree of linear polarization (DoLP) (i.e., the amount of linearly polarized light in an
incoming wave (eq. 6.3a)) and the angle of polarization (AoP) (i.e., the orientation of the
polarization wavefront (eq. 6.3b)):

𝐷𝑜𝐿𝑃 =

1

√𝑆12 +𝑆22

(eq. 6.3a)

𝑆0

𝑆

𝐴𝑜𝑃 = 2 tan−1 (𝑆2 )

(eq. 6.3b)

1

Since our camera does not contain a retarder, the circular polarization properties of the light
captured by the sensor are not quantified and are therefore not considered further in this chapter.
Next, we consider the theory behind light polarization when interacting with tissue. The optical
properties of tissue can be represented with a Mueller matrix. The incident light illuminating the
tissue, which can be represented with a Stokes vector 𝑆𝑖𝑛 , will interact with the tissue and the
polarization properties of the reflected light will be captured by the Stokes vector 𝑆𝑜𝑢𝑡 .
𝑆𝑜𝑢𝑡 = 𝑀𝑡𝑖𝑠𝑠𝑢𝑒 ∗ 𝑆𝑖𝑛

(eq. 6.4)

In this equation, it is assumed that the incident light is orthogonal to the tissue. However, in
arthroscopic imaging, this is seldom the case. The arthroscope can be placed at various angles to
image the tissue, which will cause differences in the polarization state of the reflected light. To
capture the different illumination angles of the tissue, a rotation Mueller matrix at angle Θ can be
added to equation 4 resulting in:
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𝑆𝑜𝑢𝑡 = [𝑀𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 (−2𝛩) ∗ 𝑀𝑡𝑖𝑠𝑠𝑢𝑒 ∗ 𝑀𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 (2𝛩)]𝑆𝑖𝑛

(eq. 6.5)

Where 𝑀𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 is represented by:
1
𝑀𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 (𝛩) = [0
0
0

0
𝑐𝑜𝑠2𝛩
−𝑠𝑖𝑛2𝛩
0

0
0
𝑠𝑖𝑛2𝛩 0 ]
𝑐𝑜𝑠2𝛩 0
0
1

(eq. 6.6)

Based on equation 5, it can be observed that the polarization state, in particular the angle and
degree of linear polarization, is a function of both the tissue properties as well as the incident
angle. Furthermore, as the tissue dynamics are temporally varying (i.e., the tissue stress is a
function of time); the difference in polarization state between different stress states will be a
function of incident angle. It is important to determine the incident angle that yields the
maximum difference in polarization states during tissue dynamics to enable high contrast
imaging. In this study, we have experimentally evaluated and determined the imaging and
illumination angle that yields the most sensitive polarization difference when tissue is under
load.

6.2.4 Polarization state generators
To improve the ability to detect polarization state changes during sample loading, three separate
illumination sources were evaluated: unpolarized, linearly polarized and circularly polarized
light. First, unpolarized light generated by narrow-band white light emitting diodes (LEDs) in a
Sugar CUBE Quad Illuminator (Edmund Optics, Barrington, NJ) passed through a Fiber LITE
gooseneck secured with a custom mount. The other two illumination sources used the Sugar
CUBE system coupled to either a linear polarization filter or a combined linear polarizer and
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quarter wave retarder (offset by 45° relative to the fast-axis of the linear polarizer) to create
linearly polarized and circularly polarized light, respectively.

6.2.5 Arch construction
To image our tendon samples from a controlled range of angles, a wooden arch was constructed
from a single 122 cm by 91 cm sheet of plywood, which was mounted on two 2.54 cm diameter
rods and affixed to a CleanBenchTM Vibration Isolation Table (AMETEK TMC, Peabody, MA).
The arch was 15.5 cm wide with an inner diameter of 91 cm and outer diameter of 122 cm. Holes
were drilled into the plywood at 5° increments to allow for mounting of the sensor and light
source. A custom light guide was 3D–printed to provide fine control for the gooseneck Sugar
CUBE attachment.

6.2.6 Camera calibration
Camera construction and calibration were performed using methods described elsewhere.

[36]

Briefly, recordings were performed using a charge coupled device (CCD) sensor with a custommade flip-chip bonded pixelated polarization filter. The bio-inspired division-of-focal-plane
polarization sensor allowed the simultaneous collection of intensity, angle, and degree of linear
polarization (AoP, DoLP) and videos were acquired at a rate of ~25 fps. The accuracy of
extinction ratios, AoP and DoLP were made using uniform collimated light, which was
generated using a 4” three–port integrating sphere. Optical performance was evaluated at three
wavelengths, with two input arrays of narrow band high intensity LEDs. The sensor was rotated
in 2° increments from 0° to 30° at each position the AoP of the incident light was swept from 0°
to 180° in 1° increments. A liquid crystal phase retarder was used to modulate the DoLP between
0 and 1 in increments of ~0.1. The pixel-to-pixel error was accounted for with a sensor specific
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matrix that was incorporated into C++ code for data acquisition as well as Matlab code used for
data analysis. Full details and results of the calibration were published previously. [36]

6.2.7 Data collection
To characterize the optical signal strength at a range of recording angles, the sensor was mounted
with the light source at equal and opposite angles on a wooden arch relative to the sample’s
normal, defined as the long axis of the tendon fibers (Figure 6.1). We measured the change in
DoLP and AoP at 5° intervals over an angular range from 5° to 60°.

6.2.8 Data analysis
For each sample, the region of investigation was limited to those pixels within the sample’s
border prior to the application of load, identified visually prior to data analysis. All DoLP and
AoP data were normalized to baseline which eliminated any DC offset prior to analysis so
signals could be compared in a direct manner. All DoLP signals are presented as average DoLP,
while all AoP data are presented as the standard deviation of AoP to represent the spread in
angular orientation (i.e., relative isotropy vs. anisotropy) with a single value. Based on these
definitions, increased strain is expected to increase the average DoLP and decreases the standard
deviation of the AoP.

6.3 Results
Three types of incident light (unpolarized, circularly polarized, and linearly polarized) were
tested to determine the optimal polarization state generator (PSG) for tracking real-time changes
in tendon organization in reflection mode. Snapshots of a representative tendon at the highest
and lowest applied strains (Figure 6.3) highlight the range of signal responses under each PSG.
With an increase in strain, very little change in DoLP and AoP (i.e., changes in color) are evident
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Figure 6.3: Polarization imaging from a representative tendon sample under cyclic strain during data collection
in each of the three light conditions. The first column in each of the three pairings (unpolarized (a), linearly
polarized (b), and circularly polarized (c) shows the lowest recorded percent strains, as measured by the bead
tracking algorithm. The second column shows the images taken at the largest recorded strain measurement. The
signals recorded using the linearly polarizing light source (b, e) display the largest change in both AoP and
DoLP. Sensor and light source were placed at 20° angles relative to the samples normal.

for both the unpolarized (Figure 6.3a) and the circularly polarized (Figure 6.3c) cases. In contrast
the plots for the linearly polarized incident light (Figure 6.3b) display a noticeable change in
DoLP, indicative of an increase in aligned collagen in the strained state, and a slight color change
for AoP, caused by the realignment of more collagen in the direction of loading (~0°). Thus,
results for the linearly polarized light demonstrate a more sensitive response than unpolarized or
circularly polarized light, suggesting that this PSG may be preferred for reflection mode
imaging.
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Consistent with these representative alignment maps, average DoLP signals averaged over the
region of interest and plotted from twelve different mounting angles (5° to 60°) show that the
dynamic range for the linear polarization PSG signal is statistically greater than signals generated
using either unpolarized or circularly polarized light (Figure 6.4). Further, there was only a
minimal change in DoLP under increased applied strain when using unpolarized or circularly

Figure 6.4: The average degree of linear polarization signal from ten cyclically loaded tendons imaged using
one of three polarization state generators: unpolarized, linearly polarized, and circularly polarized. Each subplot
is labeled for the mounting angles of the sensor and light source. The final point in each curve is the average
max strain for each sample. The error bars indicate standard deviation from the mean.
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polarized light (an average of 0.01 ± 0.009 for both signals), and in some cases there was a
reduction in signal strength. This is in contrast to the linearly polarized light which maintained
strong strain dependence with an average increase of 0.13 ± 0.002 in DoLP between minimum
and maximum strain levels. The average maximum DoLP levels for the linear PSG stay
relatively constant for mounting angles between 5° and 35° (0.14 ± 0.003) before maximum

Figure 6.5: The standard deviation of the angle of polarization signal from ten cyclically loaded tendons,
imaged using one of three polarization state generators: unpolarized, linearly polarized, and circularly
polarized. Each subplot is labeled for the mounting angles of the sensor and light source. The final point in
each curve is the average max strain for each sample. The error bars indicate standard deviation from the
average standard deviation.
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average DoLP drops to 0.008 ± 0.004 at 60°.
The STD AoP values for unpolarized and circularly polarized light responded in the same limited
manner, while linearly polarized light provided unique responses (Figure 6.5). The evaluation of
STD AoP across all angles gives further insight into the changes seen in the circular and
unpolarized light from Figure 6.3. For unpolarized and circularly polarized light, the STD AoP
increased by 6.85° ± 3.70° and 8.34° ± 3.54°, respectively, at the maximum strain levels. The
AoP signal collected using a linear PSG displayed a convergence of the angular reflectance

Figure 6.6: Top) Average signal range for all sensor light source mounting angles display a slow decrease
in DoLP range with increased mounting angle. Bottom) Same as above with the change in AoP. Error bars
indicate standard error of the mean.
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denoted here by a reduction in the STD AoP signal of -4.28° ± 1.21° on average. As with the
average DoLP the largest change for the linear PSG in the Std AoP occurs at the more acute
mounting angles and signal range decreases as the mounting angles increase until there is almost
no detectable change (-0.01 ± 0.002) at 60°.
Using only the linear PSG we assessed the optimal mounting angles for sensor and light source
by measuring the average signal range for all tendons across all angles (Figure 6.6). Average
signal range was strong at all mounting angles with even the smallest delta ranges, seen at 60°
(0.08 ΔDoLP and 3° ΔAoP), providing signal well above baseline. The greatest increases in
average DoLP as well as the largest decrease in the STD AoP were both located across a range of
values between 25°-35° relative to the samples normal.

Figure 6.7: (a) All pixels within the ROI for DoLP data captured at twelve different angular positions for the
light source/sensor display an increase in signal range from 5° up to a max at 30° before returning to the
diminished baseline at 60° (data shown for a single representative tendon sample). (b) The standard deviation
of the AoP (same tendon as (a)) signal shows the greatest amount of alignment at the mounting angle of 30°
with the smallest change in signal at 60°. (All signals were baseline corrected from their pre-loading value.)
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6.4 Discussion
This study had three goals for evaluating reflected-light imaging of microstructural tendon
organization: (1) to determine if reflected-light polarization imaging detects changes in collagen
organization and realignment, (2) to identify which polarization source generator (PSG) best
maximizes signal strength and sensitivity, and (3) to determine the optimal angle at which the
sensor and light source should be placed to obtain the highest signal ratio when tissue is
examined under load.
Reflected linearly polarized light, measured by a bio-inspired division-of-focal-plane
polarization sensor, provides real-time feedback on the structure and load state of a tendon. The
linearly polarized reflected light collected from the surface of a tendon under cyclic loading
maintained a precise pattern predicted by the physical changes brought on by applied strain.
First, the average degree of linear polarization (DoLP) signal increased as strain in the tendon
caused the collagen fibers to become more highly aligned (Figures 6.3c, 6.4, 6.7a). Second, the
standard deviation (STD) of the angle of polarization (AoP) decreased as strain was increased,
meaning that collagen increased its organization, causing a reduction in the angular variance of
reflected light as strain was increased (Figures 6.3d, 6.5, 6.7b).
The responses from the linearly polarized light are in contrast with the data collected using
unpolarized and circularly polarized light. Using these PSG configurations, the average DoLP
signal appears to be uncorrelated; meaning there is no appreciable change in signal strength in
response to increased loading and collagen alignment (Figures 6.3, 6.4). This indistinct response
was accompanied by a strong increase in the STD AoP signals (Figures 6.3, 6.5). The increase in
the standard deviation of the AoP, using unpolarized and circularly polarized light, is of
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particular interest because this implies that the angle at which light is reflected becomes more
random as strain on the tendon causes the collagen fibrils to increase their alignment. This
somewhat unexpected result may be due to the physical shape of collagen fibers in tendon. To a
rough approximation, organized bundles of collagen fibers are cylinders and changes in
birefringence due to cylindrical scattering have large impacts on both retardance and polarization
state. [37] As increased strain causes an increase in alignment of the collagen cylinders, the angle
at which the circularly polarized light reflects off the tendons surface could lead to an increase in
divergence. Therefore increased strain might increase the frequency of angular change detected
by the sensor which is what we see in Figures 6.3d, 6.3f, and 6.5 causing the increased Std of
AoP.
Based on Mueller’s formalism for reflected light (eq. 6.4) and assuming an approximate collagen
tissue reflectance

[38]

η of 1.3 we expected that the strongest optical response would be seen at

mounting angles of 60°, with signal strength falling off in either direction. In contrast, the most
useful angles for surgical application, i.e., angles where most of the tendon surface features were
viewable (5°, 10°, 15°), would not offer sufficient polarization signal range. Specifically, we
assumed that as the angle between the sensor and light source increased, the important features
of the tendon would become more difficult to identify, thereby defeating the purpose of using
these signals. Therefore, we hypothesized that our recommendation for the optimal recording
angle would be a compromise between signal strength and surface feature detection. However,
the response of a single tendon across all angles (Figure 6.7a), shows that there is a reduction in
signal range beginning around mounting angles of 30°. This same signal reduction can be seen in
the AoP for this tendon (Figure 6.7b) and this trend is maintained across all samples (Figure 6.6).
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This signal drop appears to be due in large part to the interactions between the mounting angle of
the light source and the irregular surface features of the tendon, leading to a reduction in signal
strength. When looking across samples, the angles around 30° give the greatest signal range,
however all tested mounting angles produce polarization signal ranges that were readily
distinguishable from baseline. Although, it should be noted that as with previously published
work [14] surface reflection generated by mounting angles of 5° made imaging and analysis more
difficult, supporting the conclusion that a 20° minimum distance between light source and sensor
is necessary. Based on these findings we therefore recommend mounting angles between 20° to
35° for optimal signal range and surface feature detection. While this range of angles provide the
greatest signal range, there were no combinations of angles at which signal is not readily
detectable when using linearly polarized incident light.
The persistence of this signal strength across such a large range of angles improves the utility of
a polarization based imaging system for application in surgical situations. Rather than requiring
precise placement for real-time feedback, it is possible to observe and assess the target tissue
from a variety of angles; that said the optical signal did vary somewhat with respect to the
mounting positions of the light source and sensor. This method for tendon imaging solves two
main problems associated with current state-of-the-art techniques. First, a single snapshot can
provide all necessary information allowing for real-time tracking of tendon dynamics.

[39]

Second, the sensor itself is compact and requires no additional optical equipment, removing any
chance for motion-based artifacts and making it easily adoptable for use by the surgical
community. [40]
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This study does have a few limitations. First, the optical signal detection is likely limited to the
surface of tendon samples; future work will explore the depth of reflection using this technique.
Second, this sensor cannot collect enough information to compute the full Mueller Matrix due to
its inability to track S3.
In a healthy tendon, there is no point at which the average DoLP signal does not maintain a
corresponding response to strain when using linearly polarized incident light. Furthermore, the
highly aligned nature of collagen fibers in tendons make the average DoLP relatively invariant
with respect to the incident angles of sensor and illumination source (approx. 0.05 ΔDoLP
maximum and minimum signal ranges). This invariance speaks to the robust nature of the
polarization signal, making it an excellent candidate for identifying and distinguishing between
aligned and unaligned collagen. This finding is a promising step towards bringing polarization
based technology into the surgical suite. To conclude, this work demonstrates that reflected light
polarization imaging can quantify dynamic changes in the strain experienced by mechanically
loaded tendons.
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Chapter 7: A logarithmic division-of-focalplane polarimeter tracks changes in collagen
alignment irrespective of illumination or
aperture
7.1 Motivation for logarithmic polarimetry
The crux of polarization-sensitive imaging is compromise: to fully reconstruct the polarization
state of a scene, multiple images must be reconciled. The physical limitations of optical detection
are such that tradeoffs in polarization-sensing can be reduced to one of three broad categories:
time, amplitude, or focal plane. [1] First, in the time domain, rotating filters or oscillating crystals
enable sub-second imaging, but the information they collect requires post-processing via either
multi-image reconstruction or the removal of sinusoidal harmonics. In addition, scene/sensor
movement during acquisition can introduce significant movement artifacts.

[2, 3]

Second, in the

amplitude domain, four polarization-blind sensors collect data from a single lens with an array of
polarization beam splitters, retarders, and relay lenses that direct incoming light. Employing four
sensors, one for each of the four Stokes parameters, enables a division-of-amplitude polarimeter
to collect the full set of Stokes data at each frame, removing issues associated with movement. [2]
However, in practice the optical path in a division-of-amplitude polarimeter is difficult to
calibrate, and pixel-to-pixel inter-sensor correlation becomes so complicated as to necessitate
extensive post-processing.

[4, 5]

Finally, the division-of-focal-plane (DoFP) polarimeter is

implemented by monolithically integrating a pixelated filter of nanowires with a single imaging
sensor. This simple architecture enables snapshot polarization imaging; however, most current
DoFP polarimeters are limited to tracking either linear polarization or circular polarization at a
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given time (i.e., not both simultaneously). Despite this limitation, the robust, compact, and
single-chip nature of these sensors has resulted in their widespread adoption, in such applications
as driver assistance, [6] underwater navigation, [7] and cancer screening. [8, 9]
Unfortunately, DoFP polarimeters are inferior to current digital sensors across all non-polarized
metrics (e.g., frame rate, resolution, noise, and dynamic range) because the pixelated polarization
filters block more than half of the photons that might otherwise strike each photodetector. In
highly controlled benchtop experiments, many of these limitations can be mitigated, but to fully
realize its potential, polarization sensing must accommodate low light or drastic changes in
contrast within or between frames. With these problems in mind, we recently developed a
logarithmic DoFP polarization sensor that operates in forward bias mode, enabling more than
twice the dynamic range of current DoFP polarimeters.

[10]

This sensor has many potential

applications, from automotive technology and remote sensing to surgical procedures where there
is limited room or light.
Previous work has demonstrated the usefulness of polarization sensitivity in quantifying the
microstructural alignment (i.e., collagen fiber organization) in soft tissue like tendon or ligament
under varying levels of stress.

[11, 12]

However, for transmission mode polarization imaging,

connective tissue samples need extensive preparation including significant thinning through the
thickness to enable the transmission of light through the sample. Many collagenous tissue types
are largely homogeneous through the thickness, so tissue thinning has little impact on their
fundamental properties. However, in complex tissues such as with the quadriceps tendon, a
multi-layered structure that is often used in anterior cruciate ligament reconstruction,

[13, 14]

heterogeneity through the thickness of the tendon is of some concern. By detecting changes in
alignment from varying levels of applied stress without the need for extensive thinning and tissue
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alteration, our new polarimeter will allow experimental results to more directly impact clinical
care. In particular, a sensor capable of accurately detecting faint signals, resulting from unthinned samples, would be valuable, and would enable evaluation of a wider-range of tissues and
experimental conditions.
Therefore, this study compares the relative performance of a logarithmic polarimeter with a
standard linear polarimeter under a variety of different illuminations and lens configurations. We
tracked the changes in strain of cyclically loaded tendons, under ideal and less-than ideal
conditions, by manipulating one of three variables: tendon sample thickness, lens aperture, and
illumination level.

7.2 Methodology
7.2.1 Sample preparation
Sixteen bovine deep digital flexor tendons (DDFT) were purchased from Animal Technologies,
Inc. (Tyler, Texas). DDFTs were selected because they are readily available, have been used
previously by our group, and are mostly homogeneous in structure through the tendon thickness
when harvested from proximal regions.

[15]

Samples were taken proximal to the natural

bifurcation and cut to a length of 40 mm. The posterior and anterior surfaces of each sample
were leveled on a freezing stage (Physitemp Instruments BFS-MP Series, Clifton, NJ) using a
sliding microtome (Leica Biosystems, Buffalo Grove, IL) and thinned to specific dimensions
using Teflon gauges as guides. The samples were separated into two groups based on tendon
thickness: 1.6 mm and 3.2 mm. Cross-sectional areas of individual samples were measured using
a laser scanning system (Keyence LJ-V 7000 Series, Osaka, Japan). The average cross sectional
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area for each testing group was measured to be 37.38 ± 7.07 mm2 and 54.35 ± 11.02 mm2,
respectively.

7.2.2 Mechanical testing
To prevent tissue slipping during testing, sandpaper tabs were affixed with cyanoacrylate
adhesive to the outermost 7.5 mm of each end of the sample, leaving 25 mm of central tendon
exposed. Initially, for image-based strain tracking, four 0.5-mm-diameter stainless-steel beads
were affixed with cyanoacrylate in a rectangular pattern. However, testing revealed that the
combination of the sample thickness and the illumination levels made optical bead tracking
virtually impossible. As an alternative, the distance between sandpaper tabs was tracked and
used to approximate strain on each tendon sample during testing.
Samples were secured in a tensile testing machine (TestResources, Shakopee, MN), and
preloaded to 0.1 N. Non-failure mechanical loading consisted of ten two-second-long triangularwave cycles, each to a 5% grip-to-grip elongation. Sequences of ten-cycle tests were repeated 30
times for each tendon sample (i.e., 300 total cycles) to enable data capture at all combinations of
aperture settings and illumination levels (described below). These low levels of applied loading
reduced the potential for damage to the tendon during the non-failure testing. Tendons were
immersed in PBS throughout these experiments to maintain hydration. After all cyclic loading
sets were completed; samples were loaded to failure at a rate of 0.1 mm per second, with an
emergency load shut-off set at 200 N.

7.2.3 Sensor calibration
The development of this novel logarithmic DoFP polarimeter is detailed elsewhere.

[10]

Briefly,

using forward-biasing pixel architecture, this logarithmic polarimeter operates across a dynamic
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range of 140 dB, with a maximum signal-to-noise ratio of 61 dB. This circuitry is monolithically
integrated with a pixelated aluminum nanowire filter and enables snapshot polarization imaging.
The sensor was calibrated using a Lanczos demosaicing algorithm optimized by Gao, et al.,
2011. [16] However, the process was complicated by the large dynamic range of the polarimeter.
To account for this dynamic range, a series of 59 calibration files were created, each for a
distinct illumination value. A single calibration file was selected for each video, based on the
following criteria. Before calibration, to reduce the effect of light bleeding around the tendon
edge, we selected a region of interest well within the samples boarders. With this region isolated,
the average DoLP signal response for each of the 59 calibration files was evaluated against five
criteria: (1) a correctly calibrated signal should have little noise and therefore a correspondingly
small number of second derivative zero crossings; (2) the applied displacement oscillates at 0.5
Hz, so the power spectrum of the Fourier transform should also have a peak at 0.5 Hz; (3) the
changes in the optical signal should closely follow the applied stress so a good calibration file
will have a large r–value when computing the correlation between these data; (4) the applied
stress is consistent across the length of the experiment, so a well calibrated signal should have
small variations in peak optical strain; (5) finally, all peak optical strain measures should be
greater than the starting value in DoLP and less than the starting value in AoP. For each trial
(i.e., set of 10 loading cycles) for a given sample, these five criteria were computed, normalized,
and summed for each of the 59 calibration files, and the highest scoring calibration file was
selected for further analysis of each video.
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7.2.4 Data collection
To improve statistical power in these experiments, the same tendon sample underwent 30
repetitions of ten 5% grip-to-grip elongation cycles. Testing was divided into two groups, the
first set of 15 repetitions was conducted with the logarithmic polarimeter, and the second set of
15 repetitions conducted was with the linear polarimeter. This order was reversed for the second
tendon sample, and so on. The difference in pixel pitch between the logarithmic and linear
polarimeters necessitated that they be mounted at different heights, 33.6 mm and 61.2 mm,
respectively. The lens was a 50 mm F/2.8 Megapixel (Navitar, Rochester, NY), set to one of
three f–numbers: 2.8, 5.0, and 22 (the largest, middle, and smallest aperture settings,
respectively). At each f–number, the experiment was repeated at five illumination levels: 6.8,
18.3, 32.5, 46.7, and 60.9 lux, from a Sugar CUBE Quad Illuminator (Edmund Optics,
Barrington, NJ) passed through a circular polarizing filter.

7.2.5 Data analysis
Regions of interest (ROI) were limited to pixels within the tendon sample’s border. Special
attention in ROI selection was paid to the tendon edge, where the transmitted light source caused
bleeding (Figure 7.1), which led to erroneous optical responses in both sensors. All DoLP and
AoP data were normalized to baseline. As done previously for polarization imaging of tendon
samples,

[17, 18]

DoLP data are presented as signal averages while AoP data are reported as the

standard deviation of the distribution of AoP values.

7.3 Results
A single intensity image from each of the two sensors is shown in Figure 7.1, with the regions of
interest in false color for each of the two polarization signals: the degree of linear polarization
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(DoLP), and angle of polarization (AoP). Images were taken at the point of maximum applied
elongation (at 2.8 f and 60.9 lux) and demonstrate that the DoLP signals have the same general
response patterns and response range (linear sensor maximum DoLP value 0.18, logarithmic
sensor maximum DoLP value 0.18) between sensors (Figure 7.1a & b). The AoP signals (Figure
7.1c & d) also have similar features and patterns with increased tendon fiber alignment being
highlighted in each.
The DoLP signals from tendons illuminated with transmitted light were expected to track closely
with the applied cyclic displacement profiles.

[19, 20]

Increased strain causes an increase in fiber

Figure 7.1: Two still images taken at peak applied stress during recordings by the linear polarimeter (a
& c) and the logarithmic polarimeter (b & d). False color indicates the region of interest, from which
the average signals are used for further data analysis. [Color bar in (b) conserved from (a) and color bar
in (d) conserved from (c).]
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alignment, which in turn increases the strength of collagen alignment (i.e., DoLP signal).
Therefore, as these tendons undergo cyclic strain, we expect to see an oscillatory optical
response that matches the applied elongation. The signals recorded with the logarithmic
polarimeter display this pattern to a high degree (Figure 7.2a & b). As expected, signal strength
gradually reduced with incident light levels (from right to left in Figure 7.2). The f–number of

Figure 7.2: Average degree of linear polarization optical response of 8 tendons. Subplots (a & c) display
average signal response recorded from tendons thinned to 1.6 mm, while subplots (b & d) are data
collected using tendons thinned to 3.2 mm. Subplots (a & b) were recorded using the logarithmic
polarimeter, and subplots c & d were recorded using the linear polarimeter. The scale bar for subplots (a &
b) is located in (a)vii, and the scale bar for subplots (c & d) is located in (c)vii.
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the aperture had an impact on the signal strength, yet even at the smallest f–number and the
lowest incident light level (Figure 7.2b.vii); there was still a detectible signal that oscillates with
applied elongation. In contrast, the oscillatory patterns detected by the linear polarimeter were
strongly reduced by the f–number and incident light intensity: the signal was completely
degraded at 22 f, (Figure 7.2c.vii-ix). More remarkable is the degree to which tendon thickness
reduces the linear sensor’s ability to detect changes in DoLP. Figure 2d displays a signal that is
only just above the noise floor, in sharp contrast to subplot 7.2d.iv. Figure 7.2d.iv appears
anomalous because it has a strong oscillatory pattern and is inverted with increased strain.
The broad patterns measured in the DoLP data were observed to be similar in the AoP response
(Figure 7.3). As tendon alignment increased under load, the AoP signal approached a single
value, namely the direction of tensile loading of the tendon. As the collagen became more
uniformly aligned, the standard deviation of the AoP signal decreased correspondingly (Figure
7.3a–7.3c). Overall, the AoP values appeared to be less susceptible to variations in incident light
and f-number. This robust signal response was most clearly visible in Figure 7.3a.viii and
7.3c.viii, where, despite overall signal reduction, increased strain corresponded to decreased
standard deviation AoP values. The linear sensor, however, poorly described the effects of
applied strain on a 3.2 mm thick tendon: for all aperture settings and levels of illumination, the
AoP reported unpredictable and inconsistent results (Figure 7.3d). To summarize for both
average DoLP and STD AoP, sample thickness had the largest effect on signal strength, followed
by the apertures’ f–number, with illumination levels having the smallest impact on signal
detection.
To create a snapshot of signal consistency correlation values were compared between the
averaged DoLP signal for both sensors, for both sample thicknesses, for all three f–numbers, and
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for all five illumination levels (Figure 7.4). Of particular interest were the highly correlated
signals throughout the entirety of the data gathered using the logarithmic polarimeter (Figure
7.4a, upper left-hand quadrant). This correlation occurred irrespective of the tendon thickness,
aperture, or illumination level. On the other hand, the accuracy of the signal from the linear
polarization sensor depended on all three factors, but predominantly on the thickness of the

Figure 7.3: The average standard deviation of the angle of polarization signal recorded from 8 tendons.
Subplots (a & c) display the average signal response recorded from tendons thinned to 1.6 mm, while
subplots (b & d) are data collected using tendons thinned to 3.2 mm. Subplots (a & b) were recorded
using the logarithmic polarimeter, and subplots (c & d) were recorded using the linear polarimeter. The
scale bar for subplots a & b is located in (a)vii, and the scale bar for subplots c & d is located in (c)vii.
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tendon sample (Figure 7.4a, bottom right hand quadrant). With the aperture set at 2.8 f, the 1.6
mm thick tendon maintains a high level of signal correlation through all trials (Figure 7.4a, upper
left hand portion of the lower right hand quadrant displayed in deep red). With the aperture set
at 5.0 f, the linear polarimeter maintained signal fidelity through to the last trial, where the
illumination value was 6.8 lux (Figure 7.4a, first grey region right of the deep red in the lower
right hand quadrant). Beyond this point, the signal never recovered and was indistinguishable
from the noise floor for all data collected with the aperture set to 22 f (Figure 7.2vii-ix). With
the aperture set to 2.8 f, the 3.2 mm thick tendon maintained signal accuracy over an even
smaller range (Figure 7.4a, honey comb region lower right hand quadrant), displaying a loss in
signal clarity at 6.8 lux. For this tendon thickness, at 5.0 f the signal appeared when illumination

Figure 7.4: (a) Confusion matrix of the average correlation values between DoLP signals for each
sensor (linear and logarithmic), with both tendon thicknesses (1.6 mm, and 3.3 mm), arranged by fstop from largest to smallest (2.8, 5.0, 22 f ), and by illumination from brightest to dimmest (60.9,
46.7, 32.5, 18.3, 6.8 lux). (b) Confusion matrix for the average standard deviation of AoP signals,
arranged by sensor, tendon thickness, f-stop, and illumination.
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was greatest (60.9, 46.7, and 32.5 lux), before degrading entirely.
The correlation matrix of the AoP signal (Figure 7.4b) demonstrated a clear increase in signal
strength compared with DoLP (i.e., the orange region extends over a greater area). The majority
of the logarithmic polarimeter data, as well as the linear polarimeter data from the 1.6 mm thick
tendons, responded in the same manner irrespective of f–numbers or illumination levels.
Interestingly, the 3.2 mm thick tendons, when recorded using the linear polarimeter, also
provided a highly correlated response; however, when compared with the other AoP signals,
these values had an opposite or incorrect signal trajectory (i.e., in Figure 7.4b, the green shaded
sections indicate anti-correlated signals).

7.4 Discussion
This study used three variables to explore the limits of and differences between a logarithmic and
linear polarimeter: (1) two thicknesses of tendon sample (1.6, and 3.2 mm), (2) three apertures
(2.8, 5.0, and 22 f ), (3) and five illumination levels (6.8, 18.3, 32.5, 46.7, and 60.9 lux).
A logarithmic division of focal plane (DoFP) polarimeter with a high dynamic range can, at low
light levels, outperform a standard linear DoFP polarimeter. This superior performance at very
low illumination levels and very high f–numbers was unexpected (Figure 7.2b). We had assumed
that the logarithmic sensor would outperform the linear sensor in high dynamic range scenes
where the illumination levels would overwhelm the linear polarimeter; however, the process of
converting the logarithmic signal from log to linear space revealed rich detail at the lowest range
of the illumination spectrum (Figure 7.2b.ix & Figure 7.3b.ix).
In particular, the DoLP signal remained capable of tracking changes in applied stress at the
smallest aperture value tested, 22 f. At this small aperture, the linear polarimeter’s signal dropped
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to the noise floor, and any remaining signals were inverted (and thus, incorrect). This inversion
had been observed in previously unpublished preliminary experiments. In these inverted signal
responses, an increase in strain corresponds to a decrease in DoLP and appears to be, at least
partially, the result of illumination that is too low for the calibration file.
This inverted signal response is more pronounced in the standard deviation of the AoP data, and
Figure 7.4 accentuates these differences by color. The bottom fourth of each confusion matrices
displays the linear polarimeter data from a set of 3.2 mm thick tendons. The AoP signals are anticorrelated with every other data point, while the DoLP signals become anti-correlated at only a
few extreme combinations of illumination and aperture.
The most notable limitation of this study is that the method for calibrating the logarithmic
polarimeter cannot easily be applied to other tests without a priori knowledge about how the data
are likely to behave. Although the calibration file selection process was automated, successful
determination of appropriate calibration files required that a stereotyped signal response be
known. Often the 59 distinct calibration files would cluster into one of three groups: a “correct”
response group, an inverted “correct” response group, and a noise group. The set of calibration
files that produces a group of inverted optical signals that otherwise follow the expected response
trajectory was unexpected and is the focus of ongoing research: resolving this potential issue
represents an important step toward employing logarithmic polarimeters in real-world
applications.
Here we have shown that a logarithmic polarimeter is superior to a linear polarimeter at tracking
changes applied stress to tendon samples, irrespective of aperture or sample thickness. The signal
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consistency across a large range of variables demonstrates the promise of these sensors in both
low light and high contrast scenarios, two areas of great import.
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Chapter 8: Imaging neural activity with
polarization-based optical sensors
Probing neural activity with light has enabled in vivo imaging of the brain with high spatial and
temporal resolution. Most imaging techniques attempt to directly measure changes in the optical
properties of the scattered light from the neural tissue or rely on molecular markers to enhance
the signal contrast. While changes in intrinsic optical properties have a low signal-to-noise ratio
(SNR), the added contrast agents raise tissue toxicity concerns. Here we show that, without the
use of a contrast agent, a polarization-based readout of intrinsic optical signals can provide a
high SNR measurement of neural excitability. Concurrently measured optical and electrical
signals from an in vitro culture of mammalian neurons revealed a high temporal correlation. We
validated our approach in vivo by measuring stimulus-evoked activity from an invertebrate
olfactory neural circuit. Pharmacologically suppressing the neural network activity abolished the
measured optical signals. Hence our results provide a novel approach for contrast-free imaging
of tissue excitability using polarization-based imaging sensors.

8.1 Motivation for neural polarization-based imaging
Simultaneously recording from a large population of neurons with high spatial and temporal
resolution is one of the high priority areas of the Brain Initiative.
discovery more than 200 years ago,

[5]

[1-4]

Since Galvani’s seminal

electrophysiological techniques have remained the gold

standard for recording neural activity. When compared with other recording techniques,
electrophysiological approaches have high specificity and a high signal-to-noise ratio (SNR),
advantages that are partially due to low noise instrumentation and high impedance probes that
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directly contact with the recorded cell.

[6]

Although notable innovations continue to push the

limits of the number of neurons that can be monitored simultaneously,

[7]

low spatial resolution

and tissue damage are inherent drawbacks of this technique.
By comparison, imaging techniques have greater spatial coverage
temporal resolution.

[9]

[8]

with ever increasing

Most optical techniques rely on the use of molecular markers that

indirectly report on the neural activity at a particular spatial location.

[10-12]

These markers have

invigorated the neuroscience field and have led to a better understanding of the functional
connectivity,

[13]

neural dynamics,

[14]

and signal processing in neural circuits.

[15, 16]

However,

molecular markers do have a number of drawbacks: tissue toxicity, which prevents the extension
of these methods to human trials; photo-bleaching, which degrades the signal overtime; and
limited temporal resolution, due to the slow dynamics of the molecular markers themselves and
to the time-constants of the calcium/hemodynamic signals they measure as a proxy for neural
activity. [17, 18]
To address these shortcomings, label-free imaging techniques have been proposed that rely on
capturing information from the elastic backscattering of light off the surface of neuronal cells. [1923]

Neural activity alters cellular properties such as ion concentration, membrane potential,

swelling, and blood supply, all of which affect the optical properties of the tissue. Therefore, a
promising approach to quantify neural activity is through assessing the optical properties of
backscattered light. This hypothesis was the driving premise for many imaging techniques dating
back to the work conducted by Hill in the late 1940s.

[24]

However, due to the low SNR of

scattered light, time averaging was employed, which precluded observation of fast-neural
signals. More recently, phase contrast and spectroscopy-based neural recording systems have
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attempted to improve the temporal resolution of the acquired optical signals,

[25]

but these

techniques rely on complex and expensive instrumentation that limit their use.
Polarization-based imaging techniques are an alternative label-free neural recording method.
28]

[26-

Changes in the activity of neurons result in modulations of the birefringence of the cellular

membrane and of inter- and intra-cellular indices of refraction, which affect the polarization state
of backscattered light. Most polarization-based recordings have been conducted in transmission
mode, where the neural tissue is placed between a pair of cross-polarizing filters. [29, 30] Although
strong polarization signals have been observed without the need for temporal averaging, this
technique has been limited to in vitro cases due to the constraints of transmission mode imaging.
Here, we provide the first demonstration that the polarization properties of backscattered light
are transiently modulated by the level of neural activity and can support a label-free approach for
imaging neural activity in vivo. To achieve this, we used a monolithic integration of pixelated
polarization filters with a charge coupled device (CCD) imaging array (Figure 8.1a). We
validated our approach through the imaging of in vitro mammalian cell lines and in vivo
stimulus-evoked activities in locust olfactory neurons.

8.2 Methodology
8.2.1 Chemicals
Odorants – Hexanol and isoamyl acetate were used for olfactory stimulation in this study
(Sigma-Aldrich, St. Louis, MO). Pure solutions were diluted in paraffin oil to a 1% concentration
(v/v), and 20 ml aliquots were stored in 60 ml bottles.
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Neural Toxins – To block sodium channel activity, we used tetrodotoxin (Sigma-Aldrich, St.
Louis, MO) diluted in locust saline to a concentration of 10 nM.

Figure 8.1: (a) Schematic of polarization filters situated on sensor. Red square is the 𝐼(0° , 0° ) filter, the nanowires act as antenna to dissipate light traveling parallel to their orientation; therefore the purple filter
is 𝐼(45° , 0° ), the green filter is 𝐼(135° , 0° ), and the blue filter is 𝐼(90° , 0° ). (b) Schematic of locust with exposed
brain imaged using immersion lens.

8.2.2 Cell culture
To induce transplant candidate populations, Chx10-expressing mouse RW4 embryonic-stemcell-derived spinal interneurons were suspended in supplemented Dulbecco’s Modified Eagle’s
Medium/F12 (DFK5 media) on an agar-coated dish for two days to form embryoid bodies (2-).
The medium was changed to DFK5 medium, retinoic acid and purmorphamine for 2 days prior
(2+) to the media being changed to DFK5, N-[N-(3,5-difluorophenacetyl-L-alanyl)]-(S)phenylglycine t-butyl ester, retinoic acid, and purmorphamine for the last two days (4+). [31] After
the 6 day induction, 5x105 induced cells were dissociated and plated on laminin-coated
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medium(NBM) for 6 days prior to switching to supplemented NBM for the remainder of the
culture period. Recordings were performed between days 13-17 in culture.

8.2.3 Animal preparation
Experiments were performed on locusts selected from a crowded colony. Young adults (after the
fifth instar) of either sex were used. The surgical procedures used here were adopted from
previously reported protocols.

[46-48]

Briefly, the locust was restrained, antennae were isolated,

and a wax cup was built around the head, allowing the antennae to transect the cup. The wax cup
was filled with locust saline, and the cuticle and air sacs were removed from around the brain.
The gut was removed, and a platform was used to raise and stabilize the locust brain. Finally, a
pair of superfine forceps was used to carefully desheath the two antennal lobes in the locust
brain.

8.2.4 Odorant delivery
Analytes were delivered following a standard protocol. [48, 49] Dried and activated carbon-filtered
air was constantly blown across the locust antenna at a rate of 0.75 L per min. Air was delivered
via a Teflon tube (6.35 mm inner diameter) and was arranged perpendicularly to the locust
antenna (Figure 8.1b). A vacuum funnel was placed behind the antenna to quickly flush out the
delivered odorants. A near square pulse delivery was obtained using this odor presentation set up
(data using photoionization detector sensor not shown).
Analytes were delivered in 4 second pulses by injection at a constant volume (0.1 L per min) into
the static headspace,

[46, 48]

whose timing was controlled by a Master-8 stimulus generator
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(A.M.P.I). We employed a prolonged inter-stimulus interval of ~2.5 minutes to allow the locust
time to de-acclimate to the analyte and recover baseline levels of neural activity.

8.2.5 Optical recording
Optical recordings were performed using a CCD sensor with a custom-made flip-chip bonded
pixelated polarization filter.

[50]

The bio-inspired division-of-focal-plane polarization sensor

allows the simultaneous collection of intensity, angle, and degree of linear polarization, using the
following four filters: I(0°,0°), I(45°,0°), I(90°,0°), and I(135°,0°).
Specimens were imaged using a 10x NA 0.8 liquid immersion lens (Olympus Corporation,
Tokyo, Japan) and recorded at a rate of ~25 fps. Illumination was provided by two 592nm LED
boards and a third 633nm LED board. Light sources were uniformly unpolarized.

8.2.6 Data analysis
Correlation coefficients between optical and electrical signals are calculated using the Matlab
function corrcoef. Average correlation response was determined based on these coefficients, and
r-values one standard deviation above or below the average optical correlation response were
used as the thresholds for the multi-electrode array figure. Olfactory derived responses were
separated based on average pixel intensity during baseline (4 s before stimulus onset) and odor
presentation (4 s of odor stimulation). Pixels whose optical signal changed more than one
standard deviation when compared to baseline were separated from pixels that measured no
change.
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8.3 Results
8.3.1 Comparison of polarization and electrical signals in an in vitro assay of
mammalian interneurons
To validate our approach, we simultaneously measured both optical and electrical signals from
neural tissue. Mouse embryonic stem cells, derived from spinal interneurons, [31] were plated on
laminin-coated multi-electrode arrays (MEA) (Figure 8.2 a, b). These cells exhibited two types
of spiking activities: a spontaneous firing (Figure 8.2c), and synchronized bursting (Figure 8.2d).
Note that despite the relatively high impedance (250-400 kΩ) of individual electrodes, the
electrical activity recorded across the array was highly correlated. Also, since extracellular
electrical activity was measured, the electrode position on the MEA had poor spatial correlation
with the location of neuronal cells. In other words, an electrode far away from the cell bodies of
the interneurons reported electrical signals with higher SNRs than electrodes that were in the
vicinity of the neurons.
To examine whether the optical polarization signals tracked the neural electrical activity, we
computed pixel-wise correlations between the measured electrical and polarization signals
(degree of linear polarization, DoLP, and angle of polarization, AoP). We sub-sampled the raw
spiking signals into non-overlapping time bins to match the image acquisition rate of the
polarization sensor (~25 Hz). For every pixel we computed the correlation value between the
electrode and the optical signals (labeled with a blue square Figure 8.2a in a high-activity region
Figure 8.2 c, e). Pixels were divided into one of three groups based on their correlation with the
electrical activity: no correlation to the electrical activity (magenta), correlation values two
standard deviations above (orange), and two standard deviations below the mean correlation
value (green). Unlike the electrical activity, both DoLP and AoP signals were strongest in
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Figure 8.2: (a) Raw image of a multi-electrode array (MEA) with cultured neurons. The blue box indicates the
electrode that recorded the highest level of activity. (b) High-magnification images showing mature mouse embryonicstem-cell-derived spinal interneurons (18+) grown on the MEA. (c) The pixel-by-pixel correlation between the
polarization features (degree of linear polarization, DoLP) imaged and the electrical activity recorded (from electrode
identified in panel a) is shown as an image. Orange pixels are 1 standard deviations (STD) above the mean correlation
value. Green pixels are 1 STD below the mean correlation value. Magenta pixels are all pixels that fall between ±1
STD and the average optical response. (d) Raw electrical and optical data obtained in the same two-minute window.
The blue trace corresponds to electrical activity measured in spikes per second. The orange trace reveals the DoLP
signals averaged across all pixels identified as highly correlated with electrical activity (i.e., orange pixels in panel c).
Similarly, the green trace reveals the averaged DoLP signals obtained from all pixels that were negatively correlated
with the electrical activity (i.e., green pixels in panel c). The scale bar represents 10% change in DoLP and 10 spikes
per second in electrical activity. (e, f) Angle of Polarization (AoP) measured using the polarization imager with the
same color convention as in panels e and f. The scale bar represents 2% change in AoP and 10 spikes per second.
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regions distant from the electrode of interests. A representative trace showing an averaged
snippet of the raw electrical signal vs. DoLP and the raw electrical signal vs. AoP is shown in
Figure 8.2f, and 8.2h. There is a high temporal correlation between these three measured signals.
Similarly, each electrical burst from the 25 minute recording is shown in Figure 8.2i, along with
the corresponding optical responses from the averaged pixels used for the DoLP and AoP (Figure
8.2 j, k). The average optical response maintains a strong similarity with the averaged electrical
bursting signals measured by the electrode.
In sum, results from these in vitro experiments reveal that polarization signals enable label-free
measurements of neural activity.

8.3.2 Imaging stimulus-evoked activity in vivo
Next, we sought to determine whether the same approach could be used to monitor neural
activity in vivo. We validated our approach using the locust antennal lobe, an olfactory circuit.
This circuit shares many anatomical and functional similarities with its vertebrate counterparts,
and its odor-evoked activity has been well characterized.

[32, 33]

We imaged the antennal lobe

while an olfactory stimulus was presented to the antenna (where olfactory sensory neurons are
located). When an odor stimulus was presented, changes in the polarization signal caused several
anatomical structures in the imaged region to become pronounced such as the vein like air sacs,
and a series of dimples that appear to be cell bodies. These changes were more intense for the
first 2 seconds of stimulus exposure, and faded with either continued exposure or odorant
termination. To quantify the changes observed in these raw polarization images, we categorized
individual pixels based on how they changed with respect to the pre-stimulus baseline (Figure
8.3 b-f): pixels with a positive deflection (increase in degree of polarization) are indicated in
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Figure 8.3: (a) Raw images of the insect antennal lobe over time obtained using the polarization sensor. The
five panels correspond to images acquired during a four second odor puff presented to the insect at t = 0s. (b1)
DoLP was computed for each pixel and classified as increasing, decreasing, or not-changing, depending on
whether polarization signals changed during stimulus exposure. A threshold of 1 standard deviation of the mean
signal levels preceding the stimulus exposure was used for the pixel classification. (b2) DoLP signals (y-axis)
from all pixels belonging to a single category were averaged and plotted as a function of time. (c1), (c2)
Categorization and averaged signals for exposure to a second odorant, isoamyl acetate. Conventions are the
same as with panels b1 an b2. (d1), (d2), (e1), (e2), AoP measured using the polarization sensor. Conventions
are the same as with panels b and c. (f), (g) The average DoLP and AoP responses for 8 locusts to 4-6
presentations of a four second hexanol exposure (at 1% dilution). Error bars represent SEM.
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orange, pixels with no change are magenta,
and

pixels

with

a

negative

deflection

(decrease) are green. We plotted the average
polarization signals as; increasing, decreasing,
or no change (Figure 8.3 b2, c2, d2, & e2).
Both DoLP and AoP change rapidly upon
odor onset. These changes are qualitatively
similar to extracellular electrical recordings
Figure 8.4: Blue trace: peristimulus time histogram
of electrical activity recorded from 83 projection
neurons in response to a four second olfactory
stimulus. Orange trace: average optical response
from 8 locusts for pixels showing a one standard
deviation increase in DoLP from baseline during
olfactory stimulus.

made in the locust olfactory circuits (Figure
8.4). [34]
To understand the specificity of the signals

with respect to various stimuli, we compared the spatial and temporal patterns of DoLP and AoP
following exposures to hexanol (hex) and isoamyl acetate (iaa). Comparisons of the DoLP and
AoP images (Figure 8.3 b1 & d1 vs. c1 & e1) reveal that the activated and inactivated regions
differ subtly with stimuli. The temporal response dynamics, as well as the intensity of the signal
change, varies between the two stimuli (Figure 8.3 b2 & d2 vs. c2 & e2). We repeated these
experiments on eight locusts (Figure 8.3f), and the optical responses (Figure 8.3 b2, and c2),
were consistent and robust with respect to odor stimulus. Stimulating locusts with mineral oil,
the solvent used to dilute the odorants, produced no significant electrical signal and generated no
detectable changes in DoLP and AoP signals (data not shown).
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8.3.3 Manipulating neural
responsiveness in the antennal
lobe alters polarization response
Finally,

we

designed

two

neural

network manipulations to confirm that
the in vivo optical signals arose solely
due to changes in neural activity. First,
to eliminate the possibility that the
observed signals originated from other
sources that could have been correlated
with odor presentations (such as small
physical movements); we measured the
ipsilateral

antennal

lobe

while

stimulating either the ipsilateral or
Figure 8.5: (a), (b) Optical traces showing changes in DoLP
(upper) and AoP (lower) before, during and after exposure to
hexanol, with odorant presented to the ipsilateral and
contralateral antenna. (c) Comparison of DoLP and AoP
changes during ipsilateral and contralateral stimulation,
summarized for n = 5 locusts. (d), (e), (f) DoLP and AoP
signals before, during and after odor stimulation for three
conditions: control, after bath application of tetrodotoxin
(TTX), and recovery after TTX was washed out. (g) Average
optical response in seven locusts during control, TTX
application and after recovery. Note that in four locusts
significant signal recovery was observed after a three hour
washout period. Error bars indicate SEM.

contralateral antenna. Note that each
locust has two antennal lobes, each of
which receives inputs exclusively from
the

ipsilateral

antenna.

Therefore,

stimulating the contralateral antenna
with an odorant should evoke no
detectable change in the neural activity

of the ipsilateral antennal lobe. We found this to be true for both DoLP and AoP signals (Figure
8.5 a-c). While ipsilateral stimulation evoked strong changes in DoLP and AoP signals at the
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ipsilateral lobe, contralateral stimulation did not evoke noticeable changes in the ipsilateral lobe.
Thus, the optical signals originated from changes in the excitation of the neural tissue.
Next, we examined how the optical signals changed when the neural activity was
pharmacologically diminished. We used tetrodotoxin (TTX), which blocks sodium channels and
suppresses neural activity. At the outset, a control recording confirmed a robust signal response.
Next, we bath applied 10 nM TTX and performed a second round of imaging, 30 minutes after
TTX application (Figure 8.5e). Both the DoLP and AoP signals were diminished significantly in
all seven locusts imaged (Figure 8.5g). After a three-hour rinse period with normal locust saline,
a third round of imaging was performed (Figure 8.5f). Both the DoLP and AoP signals recovered
in four of the seven locusts imaged in this fashion (Figure 8.5g). No signal was detected during
the recovery period for the remaining three locusts, which may have been due to a loss in brain
function over the course of the three-hour rinse.
In sum, our results indicate that polarization features of reflected light from neural tissue can
vary with changes in neural excitation. Further, sensitive detection of these signals can provide a
label-free approach for imaging neural responses.

8.4 Discussion
Imaging techniques used to monitor neural activity often rely on directly measuring intrinsic
changes in the properties of light scattered by the excitable tissue; alternatively, some imaging
modalities monitor an indirect marker of electrical activity, such as Ca2+ signals. Often this
contrast enhancement is achieved by using exogenous molecules that limit the temporal
resolution and may have toxicity issues when used for long durations. [17, 18] Direct measurements
based on intrinsic changes, on the other hand, suffer from low SNR. These intrinsic signals can
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be averaged over time to improve the signal content, but this limits their temporal resolution.
Here we have shown that transient changes in the polarization features of light reflected off
neural tissue can potentially provide a rapid and robust method for monitoring changes in neural
excitability.
Polarization signals, especially from reflected light, have often been overlooked due to the lack
of sensors sensitive enough to measure physiologically meaningful responses. We overcame this
barrier by employing a monolithic sensor that integrates a pixelated filter composed of four grids
of parallel aluminum nanowires (140 nm thick and 70 nm wide) oriented radially in 45 degree
increments, with a CCD-based imaging element. This arrangement, reminiscent of the
polarization-sensitive optical system found in the invertebrate compound eye, allowed us to
measure changes in the degree of linear polarization and angle of polarization without the use of
cross-polarizers. [35]
Using an in vitro preparation, we first compared optical signals with simultaneously recorded
electrical readouts. Our results indicated that the measured change in the polarization state of
light reflected off cultured neurons was temporally correlated with electrical firing subsampled at
25 ms time-bins. Although the optical signals were localized close to the interneuron cell bodies,
the electrodes that recorded the largest number of spikes were far away from the polarization
signals. It is reasonable to expect optical signals to be dominated by large neural structures (soma
rather than neurites). By comparison the area of electrical signal integration depends largely on
the impedance of the recording electrodes. In this case, the low-impedance of the extracellular
electrodes meant that signal was collected from across a large region of the MEA and was
correspondingly insensitive to cellular features. The temporal correlation between the neural
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firing rate and changes in the degree of polarization and angle of polarization illustrates the
feasibility of polarization-based approaches for measuring neural response.
Complementing the in vitro studies, we measured stimulus-evoked changes in neural responses
in vivo. We found that the DoLP and AoP changed in the central neural circuits in response to
olfactory stimuli. The dynamics of the polarization state changes were comparable to those
observed using conventional electrophysiological techniques. The lack of change in the
measured optical signals during contralateral antenna stimulation (Figure 8.3 a-c) and the
diminished responses upon pharmacological manipulation of neural activity (Figure 8.3 e-h)
strongly suggested that the measured optical signals were solely due to odor-evoked changes in
neural activity.
What are the neural bases for the observed changes in the polarization state of reflected light?
Although our results do not answer this question directly, two mechanisms can be suggested. For
one, nerve cells stimulated to generate action potentials repeatedly undergo a reduction in
opacity. [36, 37] This reduction is linked to physical swelling [38] caused by water influx in response
to ionic currents. [39, 40] The influx of water was suggested to directly impact the amount of light
scattered off the surface of a neuron, causing a drop in optical signal strength during increased
neural activity.

[40]

Although we used unpolarized incident light, the light became partially

linearly polarized as it was reflected off the surface of the neural tissue, generating a change in
polarization state as described by Mie scattering theory.

[41]

As a second possible mechanism,

there are numerous proteins that experience conformational changes in response to membrane
potential differences,

[42]

and these conformation changes impact that neuro polarization state.

Proteins such as voltage-activated sodium channels,

[43, 44]

phospholipids with voltage or

mechanical dependent changes embedded in the phospholipid bilayer,
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[38]

and microtubule

structural changes

[45]

could all contribute to the transient changes in optical signals observed in

our experiments.
In conclusion, we demonstrated the feasibility of using intrinsic polarization-based optical
signals backscattered from locust olfactory neurons to detect neural activity in vivo. Our
experimental data, enabled by an ultra-sensitive bio-inspired imaging sensor, recorded neural
activity with fine spatial resolution over a large area. Finally, since no contrast agents are needed,
the proposed technique would be viable for conducting long-term imaging studies that may
currently be infeasible.
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Chapter 9: Conclusion
9.1 Summary of findings
This work comprises three projects in the area of polarimetry: the first use of reflected light
polarimetry for tracking the dynamic realignment of soft tissue, the first direct comparison of a
logarithmic and linear polarimeter, and the first use of controls to demonstrate the existence of an
optical polarization signal that corresponds with neuronal activity.
Employing reflected rather than transmitted light polarimetry, we identified a range of angles for
optimal signal collection. We demonstrated the utility of linearly polarized light for detecting
changes in soft tissue alignment. Historically, transmitted light has required that test samples be
removed from their accompanying appendages, making biologically relevant loading schema
impossible. By identifying a series of mounting angles, for sensors and light sources, over which
the polarization signal is independent of the angle at which the sensor and light source are
mounted, researchers can now look at the optical alignment of tendons under dynamic load in
more biologically relevant conditions.
The direct comparison of a logarithmic and a linear polarimeter identified a region in which the
logarithmic polarimeter was capable of tracking dynamic changes in tendon alignment
irrespective of incident light or aperture settings, while the linear polarimeter was not. A large
dynamic range division-of-focal-plane (DoFP) polarimeter compensates for the loss of light
caused by the array of nano-wire filters by expanding the sensor’s response to low-light
situations. This expanded low light sensitivity has major implications for endoscopic screening,
where a single static light source creates a spot light of illumination with steep fall off towards
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the outer edges, or during laparoscopic abdominal surgeries where insertion points are limited,
and lighting can be a problem.
The identification of a biologically relevant neural optical signal opens the field of non- and lessinvasive neural tracking to an important new method for monitoring neural activity. Many of the
marvelous advances in neural science have been confined to research that cannot be performed
on the population at large. Optogenetics require the use of retro-viruses, the implantation of
electrode arrays destroys the tissue they are in contact with, and MRI and PET require expensive
equipment that is not suitable for long-term usage. The existence of a signal, that is trackable via
light represents a major opportunity for fully-immobilized individuals, either quadriplegics or
those with locked-in-syndrome. Employing near-infrared (NIR) sensitivity could allow the
signals generated at the surface of the brain to be transmitted trans-cranially sans transcutaneous
devices.

9.2 Future directions
Based on the findings presented in this work, I recommend two future studies to expand and
deepen our understanding of polarimetry: (1) employing transmitted light polarimetry to track
the activity of neural cells grown on a Petri dish and, (2) developing stacked photodiode NIRvisible spectrum polarimeter capable of tracking surface and subsurface changes in tandem.

9.2.1 Transmitted light polarimetry for tracking the activity of neural cells
grown in culture
Using reflected light polarimetry for tracking the neural activity of a behaving locust is an
excellent example of putting a proverbial cart before its accompanying horse, and much of the
work performed during my first four years of research was spent backtracking to identify a
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baseline from which to initiate that project, with limited success. In the course of dynamically
tracking soft tissue realignment, I began to see how a simpler, albeit more invasive, method of
polarimetry would better demonstrate the existence of a neural signal detectable via polarimetry.
Here I propose that neuronal cells, harvested from mice and grown to produce spontaneouslyactivating networks within a simple Petri dish, be imaged after being placed directly over a
diffuse light source filtered by a circular or linear polarizer. Transmission mode imaging in
sufficiently thin soft tissue enables simple, reliable, optical read-outs, and this method could
easily be adapted for determining the presence of a neurologically-relevant polarization signal.
Imaging of these cells should be conducted using a range of magnifications. To counter the everpresent concern of physical movement-based noise, the first set of recordings should include the
entire Petri-dish. Using these videos as a reference, the most active region should then be
recorded with higher magnification immersion lenses. One major drawback is the lack of a
method for establishing the ground truth of the signal; however, the simplicity of the setup (using
plastic Petri dishes that do not disrupt neural cells behavior) and the use of transmitted circularly
polarized light should make the optical signal more obvious. Controls in the field of neural signal
monitoring involve chemically manipulating the activity. Introducing tetrodotoxin to silence
optical activity mid-recording, without disturbing the sensor, should provide the necessary
evidence that the optical signal is tightly connected to neural signaling.
After proving the existence of a signal from a group of active neural cells, these experiments
could be altered by introducing patch clamping. Clamping a single neuron and controlling or
tracking its individual activity would provide ground truth for these experiments. By imaging the
region surrounding the patch clamp, we should be able to determine whether the polarization
signal is generated at the soma. More likely, the signal arises from the axon, and if patch
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clamping fails to identify the soma as the source of the signal, then experiments should shift to
horseshoe crab walking leg neurons or the squid giant axon, two neurons famous for their large
diameters (~0.5 mm). Polarization experiments involving these large axons can be tightly
controlled. The molecular composition of the intra- and extra-cellular spaces can be altered to
cause specific stereotyped responses, and the presence or absence of the polarization signal
would narrow the list of causal factors. The conclusive isolation of this signal would provide a
new avenue for neural exploration, and lead to more questions. How does myelination impact
signal generation? What portion of the neural cascade is responsible for the signal? Does the
signal scale with activity? Can the polarization signal be detected in tandem with other optical
agents, such as calcium or voltage sensitive dyes?

9.2.2 Depth resolved division-of-focal-plane polarimetry for dynamically
loaded soft tissue
Polarization-sensitive optical coherence tomography (PS-OCT) provides near real-time depthresolved three-dimensional imaging and is the technology DoFP polarimeters are most
frequently compared with. Two open questions are whether a variant of the Biosensor Labs’
DoFP polarimeter can be customized to provide similar signaling, and if so, what tissue target
would best demonstrate this capability. Depth detection in optics is enabled via near-infrared
(NIR) imaging; current DoFP polarimeters are manufactured with a coating at the base of the
silicon photodiode that inhibits the collection of photons outside the visible spectrum, in order to
prevent photo-bleeding. To experiment with the ability of a DoFP polarimeter to detect depthdependent changes in the alignment of soft tissue, an NIR-sensitive DoFP polarimeter must be
developed.
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Such a sensor could be designed by building on the success of the combination stacked
photodiode polarimeters developed by Garcia, et al., 2017. This sensor exploits the physical
properties of light and silicon, where penetration into a silicon diode is a function of the
wavelength of the light source. To take advantage of this principle, a series of p-n junctions
stacked one above the next allow for three independent channels to be sensitive to progressively
longer wavelengths of light within a single pixel. A multi-spectral NIR polarimeter would
employ two p-n junctions per photodiode, the first near the surface in the visible spectrum, and
the second set deep enough to exclude photons whose wavelengths are shorter than 700 nm. In
this way, a tissue target or scene could be illuminated using two light sources: one in the visible,
shorter wavelength region of the spectrum, and the other in the NIR. The difference between the
two channels, visible and NIR, would be the depth-dependent signal. Depth resolution should be
a function of the wavelength of the NIR light source. In PS-OCT, depth resolution was increased
from ~1 mm to ~1.7 mm by increasing the wavelength of the light source from 800 nm to 1300
nm. Initial work in snapshot depth-resolved polarimetry should focus on determining the
relationship between wavelength and penetration depth.
Potential test tissue targets for such a sensor could be cartilage or intervertebral discs. Both
tissues are made of collagen and have well-characterized depth-dependent structures with
changing fiber orientations that lend themselves to polarization sensing. The collagen fibers
within cartilage arrange themselves in a brushed leaf pattern: fibers run perpendicular to bone at
the point of insertion and run parallel to the surface at the external surface, with a transition
region between these regions. Imaging such a structure using visible and NIR light sources
should create visually distinct signals. Similarly, intervertebral discs are made of multiple
distinct layers of collagen, arranged in diagonals that alternate in orientation by 90° from one
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layer to the next. With the appropriate NIR light source, it should be possible to image two
distinct collagen layers in tandem, the outer most layer using visible light, and the second layer,
oriented perpendicularly to the first via NIR. If depth-resolved snapshot polarimetry can be
enabled without directly contacting the surface of the target tissue, a wide realm of applications
would open. The depth of inappropriate and fibrotic wound healing in collagen could be
observed without sectioning. In experiments using treatments to alter the bulk properties of
tendons (e.g., enzyme degradation using elastase), depth resolution could be used to identify the
difference in physical response between elastin-poor and elastin-rich regions of tendinous tissue.
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